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It has been found that non-magnetic organic semiconductors can show some magnetic 
responses in low magnetic field (<100 mT). When applying magnetic field, the 
electroluminescence, electrical current, photocurrent, and photoluminescence could 
change with magnetic field, which are called magnetic field effects.  
 
Magnetic field effects are generated through spin-dependent process affected by the 
internal magnetic interaction. In nonmagnetic materials, hyperfine interaction has been 
supposed to dominantly affect the spin-dependent process recently.  But the conclusion 
was made in weak spin-orbital coupling organic semiconductor. The hyperfine interaction 
might not be the main reason responsible for magnetic field effects in strong spin-orbital 
coupling materials. Therefore, the study of magnetic field effects in strong spin-orbital 
coupling organic semiconductor is important to get a whole view of the origin of the 
magnetic field effects in nonmagnetic organic semiconductors.  
 
This dissertation will clarify the generation mechanism of magnetic field effect in 
nonmagnetic organic semiconductors and further explore how the strong spin-orbital 
coupling affecting the magnetic field effect.  
 
It has been found the intermolecular excited states are important inter-median for 
magnetic field effects. The change of intersystem crossing at intermolecular excited states 
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will change the singlet/triplet ratio and further generate magnetic field effects through 
different recombination and dissociation properties of singlet and triplet intermolecular 
excited states. 
 
Both the energy transfer effect coupled spin orbital coupling and energy transfer effect 
free spin orbital-coupling are discussed in the dissertation. The tuning of the magnetic 
field effect by adjusting the spin-orbital coupling is also established through distance 
effect and interface effect. It has been found that changing inter-molecular spin-orbital 
coupling is a critical factor to generate magnetic field effects in organic semiconductors. 
And the sensitivity of different magnetic field effects to strong spin-orbital coupling 
strength is depending on the final product. 
 
The internal magnetic interaction can be hyperfine interaction, spin orbital coupling and 
spin-spin interaction between electrons. The hyperfine interaction and spin orbital 
coupling are important in nonmagnetic organic semiconductors. But the electron spin-
spin interaction is important in magnetic organic semiconductors. The magnetocurrent for 
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1.1 Organic semiconductors 
 
Organic semiconductors include two types: small molecules and polymers. Both of them 
are constructed by pi-bond based conjugated structures, which allow the delocalized pi-
electrons move through the entire conjugated structures. And people use Su-Schrieffer-
Heeger (SSH) theory model1 to treat the organic semiconductor as the band structure in 
inorganic semiconductors. The highest occupied molecular orbital (HOMO) is like the 
valance band in inorganic semiconductor and the lowest unoccupied molecular orbital 
(LUMO) is like the conduction band in inorganic semiconductor. The organic 
semiconductors are widely used in organic light emitting diodes (OLEDs), and they can 
potentially be used in organic photovoltaic (OPV) devices, organic transistors, and 




OLEDs have been developed since 1980s, 2- 3 4F5 now OLEDs are used in television screens, 
computer monitors, and small, portable system screens such as mobile phones. The 
OLEDs convert the input electric energy in the electric circuit into light. The OLEDs 
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usually contain the cathode, organic emitting layer, and the anode three layer 
components, as shown in 281HFigure 1.1 (Here is the simplest case; the real OLED may 
contain other layer components). The electrons and holes are injected from the cathode 
and anode, correspondingly. The electron and hole will form a negative polaron or 
positive polaron with the distortion of the charge’s surroundings. And they will transport 
in the organic semiconductors under the drift of the electrical field. After they meet with 
each other, they could form weakly bonded electron-hole pair with relative long 
separation distance (intermolecular electron-hole pair). And the intermolecular electron-
hole pair will further get closer and form the exciton, which is highly bonded electron-
hole pair with small separation distance. The exciton will recombine to emit a photon, 
generating the electroluminescence (EL).  
 
Figure 1.1 A simple structure of OLED.  
 
1.1.2 OPV 
The organic photovoltaic device also starts from 1980s, 5F 6 ,6F 7  but now it has not got 






(by March, 2011),7F8 which is much lower than over 40 percent efficiency in inorganic 
photovoltaic devices. But it is also fast developing and has a good future in energy 
conversion technology. It converts the incident light into electric energy. Usually the light 
source is the sun light, then it is called organic solar cell. The typical structure of OPVs is 
a sandwich structure containing: cathode, active layer, and anode, as shown in 282HFigure 1.2. 
The active layer usually is a bulk heterojunction containing both donor and acceptor. The 
cathode and anode are two materials with different work function, which will generate 
build-in electric field in the device. When the incident photon energy fits the absorption 
of the active layer, it will be absorbed by the active layer and generating excitons, which 
are the highly bonded electron-hole pairs. When the excitons diffuse to the donor-
acceptor interface, the electron transfer will occur between the donor and acceptor, 
separating the electron and hole in exciton and generating the contact charge transfer 
complex. The contact charge transfer complex would further dissociated under build-in 
electric field, forming polaron pair (intermolecular electron-hole pair). Then dissociated 
electron and hole would transport towards respective electrodes under the drift of build-in 
electric field and collected by the electrodes generating photocurrent. It should be noted 
that the photo-generated electron-hole pair also can recombine and emit a photon 
generating the PL or undergo the non-radiative emission. Therefore, the dissociation and 
recombination always compete with each other. For good OPV performance, the 




Figure 1.2 Typical device structures of organic solar cells.  
 
1.2 Excited states 
 
Excited states in organic semiconductors are electron-hole pairs. According to the 
electron-hole separation distance, there are intramolecular excited states and 
intermolecular excited states. Because both of the electron and hole has a spin 1/2, the 
excited states have four spin configuration, one singlet state and three triplet states, as 
shown in 283HFigure 1.3. The singlet and triplet states have different energy levels, the energy 
difference between singlet and triplet is the exchange energy. The different electron-hole 
separation distance will lead large difference in exchange energy and internal magnetic 







Figure 1.3 Singlet and triplet spin configuration in excited states.  
 
1.2.1 Intramolecular excited state 
Intramolecular excited state is also called exciton in organic semiconductors. The 
intramolecular excited state is the electron-hole located in one molecule. The electron-
hole separation distance usually is in 10-10 m order. The singlet level is higher than the 
triplet level, as shown in 284HFigure 1.4. In the intramolecular excited state the exchange 
energy is relative large, about 0.7eV in lots of conjugated polymers.9F10 
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1.2.2 Intermolecular excited state 
The intermolecular excited states are the loosely bounded electron-hole pair located in 
two molecules with relative long separation distance. In conjugated structure, the electron 
or hole in single molecule usually is a radical ion in chemistry or a polaron in physics. 10F11 
Therefore, the intermolecular excited states are also called radical ion pairs or polaron 
pairs. Because of the relative long separation distance, the exchange energy in 
intermolecular excited state is very small. And the triplet level might be a little bit higher 
than singlet level, as shown in 285HFigure 1.5. Usually the system exhibiting the emission 
from charge transfer complex or exciplex under photo excitation could be thought as the 
system containing intermolecular excited states. Under electrical excitation, the injected 












1.3 Internal magnetic interaction 
 
In general, there are two types of internal magnetic interaction in nonmagnetic organic 
materials. One is the hyperfine interaction; the other is the spin-orbital coupling. The 
internal magnetic interaction is responsible for the spin-moment conservation in magnetic 
field effects. And the internal magnetic interaction can also cause the splitting of the 
triplet energy levels, which is called internal Zeeman splitting. 
1.3.1 Hyperfine interaction 
Hyperfine interaction is the magnetic dipole interaction between the nucleus spin and the 
electron spin 11F12, as shown in 286HFigure 1.6. The hyperfine interaction widely exists in organic 
semiconductors. But the hyperfine interaction strength is not strong in organic materials, 
usually several mT external magnetic field could overcome the hyperfine interaction. It 
should be noted that the hyperfine interaction is from the spin-spin interaction from 
nucleus and electron. The spin from nucleus is necessary for hyperfine interaction. For 
hydrogen atom 1H, the nucleus spin is 1/2, it with a hyperfine interaction constant of 507 
gauss.12F13 But for the 2H atom, the hyperfine interaction is much weaker. Therefore, the 




Figure 1.6 Hyperfine interaction between electron and nucleus. 
 
1.3.2 Spin-orbital coupling 
The spin-orbital coupling is the coupling between the electron spin momentum and its 
orbital angle momentum. From the electron view of point, the nuclear is rotating 
surround the electron. And the nuclear charge or the atomic number will affect the orbital 
current. Therefore, the spin-orbital coupling strength will be largely dependent on the 
atomic number. In hydrogen like atom, the spin orbital coupling strength is proportional 
to the power 4 of atomic number13F14, as shown in Equation (1.1).  















In organic semiconductor the spin-orbital coupling usually is weak due to the light atoms. 
But if the heavy atoms were introduced into the structure, the spin orbital coupling can be 
enhanced. It is noted that organic semiconductors can be divided into singlet and triplet 




Figure 1.7 Electron-hole separation distance effect on exchange energy and internal 
magnetic interaction in excited states in organic semiconductor. 
 
The internal magnetic field would also be affected by the separation distance. The 
hyperfine interaction do not change much by the distance while spin orbital coupling 
strength would change a lot with separation distance287H9, as shown in 288HFigure 1.7. 
1.4 Energy transfer 
Energy transfer is a process commonly existing in organic light emitting devices. It 
transfers the energy of excited state from one molecule (donor) to another molecule 
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(acceptor). There are two types of energy transfer, the Förster energy transfer and the 
Dexter energy transfer. 
1.4.1 Förster energy transfer 
The mechanism for Förster energy transfer is resonance mechanism associated with the 
Columbic interaction between electrons. Förster energy transfer is the long range electric 
dipole-dipole interaction.14F 15  Usually it requires the overlap of the photoluminescence 
spectrum of the donor and the absorption spectrum of the acceptor, as shown in 289HFigure 
1.8. The distance between donor and acceptor can be much larger than the molecular 
diameter; usually it can be 5-10 nm. 
 
Figure 1.8 Spectrum overlap requirement for Förster energy transfer process. 
 
In principle, the Förster energy transfer is allowed from donor singlet to acceptor singlet 
but not from donor triplet to acceptor singlet; because the latter is spin forbidden. 
However, because the triplet radiation decay is also spin forbidden, the triplet states will 




have very long lifetime. Then the energy transfer will also occur by the resonance 
mechanism because the small transfer rate will be compensated by the long lifetime of 
donor triplet. 
1.4.2 Dexter energy transfer 
Dexter energy transfer is based on the exchange interaction between electrons. Therefore, 
it requires the overlap of electron clouds between the donor and acceptor. At the overlap 
region of electron clouds of donor and acceptor, the excited electron of donor may also 
appear on acceptor. The Dexter energy transfer happens at short range, usually 0.5-1 
nm15F16. The donor and acceptor should be much closer than the resonance mechanism 
energy transfer (Förster energy transfer). The Dexter energy transfer follows the spin 
conservation. Only singlet to singlet and triplet to triplet transfers are allowed, as shown 
in 290HFigure 1.9.  
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Figure 1.9 Scheme for Dexter energy transfer process, a) from donor singlet to 
acceptor singlet, b) from donor triplet to acceptor triplet. 
 
1.5 Magnetic field effect 
It has been found that non-magnetic organic semiconductors can show some magnetic 
responses in low magnetic field (several hundred mT). When applying magnetic field, the 
electroluminescence (EL),




292H46,50F51-51F52F53F54F55F56 could change with magnetic field. In general, these 
responses were called magnetic field effects (MFEs), and these magnetic responses were 
a) 
Donor* Acceptor Donor Acceptor*




called MFE on electroluminescence (MFEEL), organic magnetoresistance or 
magnetocurrent (OMR or MC), MFE on photocurrent (MFP) and MFE on 
photoluminescence (MFEPL), correspondingly. People have found the magnetic field 
effect is generated through spin-dependent process. But the detailed mechanism for 
magnetic field effect is still unclear. Several models have been proposed and the problem 
which spin dependent process is the direct responsible for the magnetic field effect are 
under studying. And the one of the internal magnetic interaction hyperfine interaction has 
been supposed to dominantly affect the spin-dependent process.
56F57,57F58 While in another 
singlet semiconducting material Alq3, whose spin orbital coupling strength is relative 
stronger,
58F59 no clear hyperfine effect was observed.
59F60 But the conclusion was made in 
weak spin-orbital coupling organic semiconductor. The other type of organic 
semiconductor, the strong spin-orbital coupling organic semiconductor, has got less 
attention. Only little work has been done in the strong spin-orbital coupling organic 
semiconductor.
293H26,60F 61 -61F62F 63  On the other hand, in the strong spin-orbital coupling organic 
semiconductor, spin-orbital coupling is much stronger than the hyperfine interaction. The 
hyperfine interaction might not be the main reason responsible for magnetic field effects. 
Therefore, the study of magnetic field effects in strong spin-orbital coupling organic 
semiconductor is important to get a whole view of the origin of the magnetic field effects 
in nonmagnetic organic semiconductors. This dissertation will clarify the generation 
mechanism of magnetic field effect in nonmagnetic organic semiconductors and further 
explore how the strong internal magnetic interaction-spin-orbital coupling affecting the 




In general, magnetic field has two effects: Zeeman Effect and momentum effect. 
The Zeeman Effect is the splitting of the three triplet levels under external magnetic field, 
as shown in 294HFigure 1.10. The splitting energy for an electron is proportional to the 
external magnetic field strength, as expressed in Equation (1.2).  
BgE Bsplit μ=Δ          (1.2) 
 
Figure 1.10 Zeeman splitting effect on energy level in intermolecular excited states. 
 
Here, g is the g-factor, (usually around 2, 2.0023192 for a free electron)63F64, the B the 
magnetic field strength, and μB is the Bohr magneton, 9.27400915(23)×10−24 J/T. From 
here we can get the splitting energy is about in the order of 10-5 eV, with the magnetic 










intramolecular exchange energy. Therefore, the magnetic field effect usually is not from 
the intramolecular excited states. 
 
It is noted that spin-dependent processes must require spin momentum conservation to 
occur. The spin-momentum conservation can be satisfied by internal magnetic 
interaction. When an external magnetic field is comparable to internal magnetic 
interaction, the spin-momentum conservation can be partially affected. The influenced 
spin-momentum conservation can essentially affect the spin-dependent processes, 
consequently generating MFEs in electroluminescence, photoluminescence, photocurrent, 
electrical current. 
1.6 Mechanism of Magnetic Field Effect 
 
The mechanism for magnetic field is not very clear yet. There are several mechanisms 
based on different spin dependent processes. And for different magnetic field effect 
channel, the mechanisms are slightly different. In general according to the spin dependent 
processes, there are three types of mechanism for magnetic field effects: bipolaron 
mechanism, intersystem crossing mechanism and exciton quenching mechanism. The 
bipolaron mechanism is focus on the mobility related process. The intersystem crossing 
mechanism focus on the dissociation or recombination related process. The exciton 
quenching mechanism is focus on the spin dependent exciton quenching process 




1.6.1 Intersystem crossing model (polaron pair model) 
The intersystem crossing (ISC) model is based on the magnetic field change the spin 
dependent intersystem crossing in intermolecular excited states (polaron pairs). 
Therefore, the intersystem crossing model also is called polaron pair model. This model 
has been widely used in MFEPL,295H46,296H51-297H298H299H300H55 MFEEL,301H18,302H19 MFP303H44-304H305H306H307H48 and MC (or OMR) 308H18,309H26,310H31,311H38,312H39. 
The intersystem crossing is the transition between the singlet and triplet levels. In the 
intramolecular excited state under photo excitation, most of the excitons are in singlet 
configuration. But in the intermolecular excited state under electrical excitation, the 
singlet/triplet ratio has the limit of 25%, if the spin orbital coupling effect is not 
considered. The main idea of ISC model is the singlet/triplet ratio changed by magnetic 
field through the spin-dependent ISC process, as shown in 313HFigure 1.11. 
 
Figure 1.11 Zeeman Effect on intersystem crossing in intermolecular excited states. 
 
At zero magnetic field, in intermolecular excited state, the three triplet level is 
degenerated and the singlet state is with similar energy due to the small exchange energy. 
Therefore, the intersystem crossing from singlet states to the three triplet states is all 
efficient. When applying external magnetic field, the degenerate triplet excited state 
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Zeeman Effect. Thus the intersystem crossing between the singlet excited state and triplet 
excited states (T-1 and T+1) would be partially blocked due to splitting energy larger than 
exchange energy. But people hold different opinion on the intersystem crossing result, 
whether the singlet states increase or the triplet states increase. Because of the large 
different exchange energy, this effect is significant for intermolecular excited states, 
polaron pair (PP) states, but can be ignored for relative intramolecular excited states, 
excitons. Therefore, the singlet/triplet ratio in PP state could be obviously changed by 
external magnetic field. The singlet and triplet polaron pairs could further dissociate into 
free electrons and holes to generate current or become closer to form excitons and finally 
give out emission, as shown in 314HFigure 1.12. 
 
Figure 1.12 The relationship between intermolecular excited states (PPs) and 
emission or current. 
 
And the contribution of singlet and triplet polaron pairs for dissociation315H18,316H44,317H45,318H47,319H48,64F65 or 
recombination320H26,321H31,322H38,323H39 was different. As a result of the change in singlet/triplet ratio in PP 
states by external magnetic field, the emission (EL or PL) or the current (photocurrent or 


























changed the intersystem crossing in order to change singlet/triplet polaron pair ratio and 
further give the magnetic responses. 
 
1.6.2 Bipolaron model 
The bipolaron model 324H26,65F66 is based on the spin dependent bipolaron formation mechanism. 
It is used in OMR (MC) and MFEEL. Two polarons with the same polarity in the organic 
semiconductors can form a bipolaron with two charges when the bipolaron is energy 
favorable.66F67  325HFigure 1.13 shows the polaron and bipolaron in polythiophene. 
 
Figure 1.13 Two polarons and one bipolaron in polythiophene. 
 
The bipolarons also have singlet and triplet spin configuration. And the mobility of 
singlet bipolaron is larger than the triplet bipolaron because the triplet bipolaron has the 
spin block effect, as shown in 326HFigure 1.14. At zero magnetic field, the singlet 
configuration in bipolaron is the dominate component in organic semiconductors because 

























bipolaron. After applied the magnetic field the triplet bipolaron formation would increase 
due the interruption to the spin-spin interaction from external magnetic field. As a result, 
the triplet configuration in bipolaron gets increased. Due to its low mobility compared to 
the singlet bipolaron, the average mobility would be reduced. It would lead to the 
decrease of current, which means positive magnetoresistance.  
 
Figure 1.14 The spin blocking effect in triplet bipolarons. 
 
The bipolaron mode also has been used to explain the negative magnetoresistance 
through the theoretical calculation.327H24 A negative sign can be obtained when also including 
long range Coulomb repulsion. The long range Coulomb repulsion is believed to enhance 
bipolaron formation. When more bipolarons are formed, there are less free carriers to 
carry a current. By applying a magnetic field, the number of bipolarons is decreased but 
the number of free charge carriers is increased, which gives a negative OMR. 
1.6.3 Exciton quenching model 
Exciton quenching model is based the spin dependent exciton quenching process, which 
includes: exciton-charge reaction and exciton-exciton annihilation. In the past, TCR 
model and TTA model were used in MFEPL. But recently people also used in MC and 
MFE. Both of them are focus on the triplet exciton quenching process because of the long 
Singlet bipolaron formation Triplet bipolaron formation
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lifetime of triplet exciton. Therefore, they can be called triplet-charge reaction (TCR) 
model 328H31,329H34,330H35,331H40 and triplet-triplet annihilation (TTA) model.67F68,68F69  
 
The TCR model is based on the triplet exciton react with free or trapped charge carrier, as 
shown in Equation (1.3) 69F70,70F71,71F72 and Equation (1.4) 72F73,73F74. The reaction can generate extra 
charge carrier in the organic semiconductor. It has been found that the rate constant of 
TCR process can be reduced by the external magnetic field.74F75,75F76 As a result, the generated 
free carriers were reduced by magnetic field. 
freetrap CSCT +→+ 0          (1.3) 
freefree CheCT ++→+         (1.4) 
The TTA process is two triplet excitons collide with each other and eventually annihilate 
into a singlet exciton, generating a delayed fluorescence, as shown in Equation (1.5).76F77 It 
has been observed that the negative MFE for the delayed fluorescence in organic 
molecular crystals and proposed that magnetic field can modulate the triplet-triplet 
annihilation (TTA) reaction rate constant. 77F78,78F79 
γhSSTT →+→+ ∗10         (1.5) 
1.6.4 Our model 
Our model combined the intersystem crossing and triplet change reaction mechanism.332H28,333H65 
The intersystem crossing was changed by magnetic field. Then the singlet ratio in polaron 
pair state was increased while the triplet polaron pair ratio was reduced. This would lead 
to the increase in singlet exciton and consequently get the increasing in 
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electrofluorescence (EL), which means positive MFE on EL. The singlet polaron pairs 
were easier dissociated to free charge carriers than triplet polaron pairs.79F80,80F81 This caused 
the current increasing; it meant resistance decreasing or negative OMR. Therefore, 
singlet related MFE is always positive to emission and current. The triplet excited states 
could react with free or trapped charges to generate free charges. But this reaction rate 
would be suspended by increasing external magnetic field. Either the density of triplet 
polaron pairs or triplet excitons reducing or the triplet charge reaction rate reducing could 
deduce the density of free charges, which produced by triplet charge reaction. This meant 
the current density decreasing, the resistance increasing or positive MR. And the reduced 
charge carrier will further cause the decrease in secondary polaron pairs, which were 
generated by the charge carrier produced by triplet-charge reaction. It might lead to the 
decrease in EL, which is the negative MFE on EL. Therefore, triplet related MFE are 
always negative for fluorescence emission and current. In this way, we can get both 
positive and negative MFE on EL and current. In the device, the MFE on EL and current 
should be the sum of these two components. Then it can generate the transition of MFE 




Figure 1.15 The combination of positive and negative MFE on EL and MR. 
 
1.7 Summary and outline for the dissertation 
 
This dissertation topic is to clarify the generation mechanism of magnetic field effect in 
nonmagnetic organic semiconductors and further explore how the strong internal 
magnetic interaction-spin-orbital coupling affecting the magnetic field effect. The 
magnetic field effect in non-magnetic organic semiconductor has been found in PL, EL, 
PC and EC. People have found the magnetic field effect is generated through spin-
dependent process. But the detailed mechanism for magnetic field effect is still unclear. 
Several models have been proposed and the problem which spin dependent process is 
directly responsible for the magnetic field effect is still under studying. And the one of 
the internal magnetic interaction, hyperfine interaction, has been supposed to dominantly 

















organic semiconductor, such as DOO-PPV and PFO. The other type of organic 
semiconductor, the triplet dominate organic semiconductor such as Ir(ppy)3, has got less 
attention. Only little work has been done in the triplet organic semiconductor. On the 
other hand, in the triplet dominated organic semiconductor, another magnetic interaction, 
spin-orbital coupling is much stronger than the hyperfine interaction. The hyperfine 
interaction might not be the main reason responsible for magnetic field effects. Therefore, 
the study of magnetic field effects in strong spin-orbital coupling organic semiconductor 
is important to get a whole view of the origin of the magnetic field effects in nonmagnetic 
organic semiconductors. In this dissertation, the following concepts will be discussed. 
1) Energy transfer effect on MFE in polymer blend with different spin orbital coupling 
strength. 
2) The role of intermolecular excited state in MFE and the two important factors: 
separation distance and spin orbital coupling. 
3) The role of intermolecular spin-orbital coupling plays in magnetic field effects in the 
system only exist spin orbital coupling strength. 
4) Interface induced negative phosphorescence magnetic field effect in strong spin orbital 
coupling system. 
5) A new type of magnetic field effect: Magneto-capacitance effect in organic radical-
based materials. 





This dissertation contains 9 chapters. Chapter 1 will give the introduction to related 
information about the magnetic field effect in organic semiconductors. Chapter 2 will 
present the device fabrication condition and experiment method for studying magnetic 
field effect. Chapter 3 will discuss the important role of intermolecular excited states in 
magnetic field effect and will present the factors, the separation distance and spin orbital 
coupling, which can affect magnetic field effect in intermolecular excited states. Chapter 
4 will discuss the magnetic field effect in the system energy transfer effect combined with 
spin orbital coupling effect. Chapter 5 will discuss the magnetic field effect in the system 
only with spin orbital coupling effect and without energy transfer effect. In Chapter 6, the 
interface induced magnetic field effect in strong spin-orbital coupling system will be 
discussed. Chapter 7 will introduce a new magnetic field effect in organic semiconductor; 
the spin orbital coupling effect on this new magnetic field effect is also discussed. 
Chapter 8 will compare the magnetic field effect in magnetic and nonmagnetic organic 
semiconductor with median spin-orbital coupling strength. Chapter 9 will give the 





DEVICE FABRICATION AND MEASUREMENT 
2.1 Device fabrication 
The magnetic field effect measurements except magnetic field effect on 
photoluminescence (MFEPL) almost are based on sandwich structure devices, such as 
magnetic field effect on electroluminescence (MFEEL), magnetocurrent (MC), organic 
magnetoresistance (OMR), magneto-capacitance (MCP) and magnetic field effect on 
photoluminescence (MFP). The device fabrication is the important first step for magnetic 
field effect measurements, which require stable, efficient devices. The device fabrication 
contains following steps: 
1) Making electrode fingers: Indium tin oxide (ITO) half coated glass is purchased from 
Shenzhen Nanbo Company in China. The thickness of ITO film is around 200 nm 
with the average roughness 2 nm. The electrical and optical measurement shows the 
electrical square resistance is about 15 Ω/□ and the optical transmission is over 85 %.  
Four 4cm long copper wires are connected on the ITO glass by Microcircuit Silver - 
Type L epoxy from Transene Company. The structure of ITO glass is shown in 




Figure 2.1 The ITO glass with four electrode fingers. 
 
2) Cleaning: The cooled ITO glass with four fingers was put into a 250ml beaker with a 
PTFE holder.  They are cleaned in ultrasonic bath by deionized water with cleaning 
agent, deionized water twice, acetone and chloroform in sequence. Each solvent will 
clean for 15 minutes. After that, the ITO glass was dried in vacuum oven for 30 
minutes. 
3) Solution preparation: certain amount polymer or small molecules were weighted by 
Ohaus AP2500 balance. The chemicals will be transferred into a glove box with 
nitrogen gas protection. The polymers will be dissolved by solvents in pre-cleaned 
sample vials, and placed on the shaker to shake until the polymers are completely 
dissolved. After that the solution will be filtrated by Millipore 13mm Nonsterile 
Millex Filter with Hydrophobic PTFE Membrane (Pore Size: 0.2 μm or 0.45 μm).  
4) Spin coating: The pre-cleaned ITO glass with electrode fingers was placed on the 
holder of the EC101D spin coater from Headway Research Inc in the glove box with 







ITO glass. The ITO glass will rotate at certain speed controlled by the spin coater. 
After the spin coater stopped, the polymer film was formed on top of the ITO glass. 
The typical thickness of the polymer layer is 70-100 nm. 
5) Metal electrode evaporation: The ITO glass with polymer films was taken out from 
the glove box and put into the chamber of a Cooke CV301-T-FR2 vacuum thermal 
evaporator. At the same time, the ITO glass was covered by a shadow mask. The 
whole system was pumped by a mechanic pump until the vacuum reached 2x10-2 Torr. 
Then the system was continued pumping by a turbo pump until the vacuum reached 
2x10-6 Torr. The metal used as cathode, such as aluminum, was thermal evaporated. 
The typical thickness of the metal layer is about 30-50 nm. After cool down, the 
device was taken out from the evaporator and stored in vacuum. The structure of the 
device is shown in 336HFigure 2.2. The effective area of the electrode is 0.05cm2. 
 
Figure 2.2 The picture of device, the left is the ITO glass with electrode fingers, the 
middle is the device after spin coating of polymer solution, and the right is the final 




2.2 Magnetic field effect measurement 
Magnetic field effect measurement includes the magnetic field effect on 
photoluminescence (MFEPL), magnetic field effect on electroluminescence (MFEEL), 
magnetocurrent (MC), organic magnetoresistance (OMR), magneto-capacitance (MCP) 
and magnetic field effect on photoluminescence (MFP). The magnetic field was applied 
by an electromagnet from Newport Instrument. The power of the electromagnet is 
supplied by Sorensen DLM 80-7.5 Programmable DC Power Supply controlled by a 
Labview program. The typical magnetic field scan process is keeping at 0 mT for 50 
seconds then increasing from 0 to 320mT in 50 seconds and decreasing back to 0 mT 
again in another 50 seconds, and keeping at 0 mT for the last 50 seconds. The experiment 
setup of MFP measurement is shown in 337HFigure 2.3 as an example. 
2.2.1 Magnetic field effect on photoluminescence (MFEPL) measurement 
The sample for MFEPL measurement, which is the polymer film spin coated on glass 
substrate or solution in quartz cuvette, is placed in the dark room between the two poles 
of electromagnet at room temperature under the protection of nitrogen gas. The excitation 
light source is the Xenon lamp of Fluorolog®-3 spectrofluorometer from Jobin Yvon Inc 
or Kimmon IK series He-Cd laser (325 nm). A liquid light guide is used to guide the light 
to the sample. The photoluminescence from the sample is also guided by another liquid 
light guide to the detector of Fluorolog®-3 spectrofluorometer and recorded in time-
based acquisition mode when the typical magnetic scan process is running. The MFEPL is 
defined as Equation 2.1, where IB and I0 are the photoluminescence intensity with and 









IIMFE BPL          (2.1) 
2.2.2 Magnetic field effect on electroluminescence (MFEEL) measurement 
The organic light emitting device is placed in the tube containing liquid nitrogen in the 
gap of the electromagnet in the dark room. The Keithley 2400 General-Purpose Source 
Meter is used as the power source to drive the OLED. To avoid the current response 
effect under magnetic field (MC or OMR effect), the OLED is driven under constant 
current mode. Usually the MFEEL is measured at 1mA current. The electroluminescence 
signal is guided to the detector of Fluorolog®-3 spectrofluorometer by a liquid light 
guide and recorded in time-based acquisition mode when the typical magnetic scan 
process is running. The MFEEL is defined as Equation 2.2, where IB and I0 are the 







IIMFE BEL         (2.2) 
 
2.2.3 Magnetic field effect on photocurrent (MFP) measurement 
The device for MFP measurement is placed in the dark room between the two poles of 
electromagnet at room temperature under the protection of nitrogen gas. The excitation 
light source is the Xenon lamp of Fluorolog®-3 spectrofluorometer or Kimmon IK series 
He-Cd laser (325 nm) or 100mW/cm2 white light with the standard sun light spectrum 
from  67005 Newport 300W sun simulator. A liquid light guide is used to guide the light 
to the sample. The photocurrent signal was monitored by Keithley 2400 General-Purpose 
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Source Meter at constant voltage of 0 V when the typical magnetic scan process is 
running. The MFEPL is defined as Equation 2.3, where IB and I0 are the photocurrent with 
and without magnetic field, correspondingly. The experiment setup of MFP measurement 







IIMFP B         (2.3) 
 
Figure 2.3 The experiment setup for MFP measurement. 
 
2.2.4 Magnetocurrent (MC) or organic magnetoresistance (OMR) measurement 
The device is placed in the tube containing liquid nitrogen in the gap of the electromagnet 
in the dark room. For OMR measurement, the device can be driven in constant current 
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smaller in constant current mode, we choose constant voltage mode to measure OMR, 
which can also be called MC. The MC or OMR are compared at same current density 
from different devices. The current in the device is monitored by Keithley 2400 General-
Purpose Source Meter when the typical magnetic scan process is running. The MC is 








IIMC B          (2.4) 
The OMR is defined as Equation 2.5, where RB and R0 are the electric resistance with and 







RROMR B         (2.5) 
If consider the constant voltage mode and combine Ohm’s law R=V/I, where R is the 




IIOMR , where 
IB and I0 are the current with and without magnetic field, correspondingly. The 






1 , if OMR is small, then 
OMRMC −≈ . 
2.2.5 Magneto-capacitance (MCP) measurement 
The device for MCP measurement is placed in the dark room between the two poles of 
electromagnet at room temperature under the protection of nitrogen gas. The capacitance 
of the device was measured by Agilent E4980A Precision LCR meter at time based 
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acquisition mode with fixed frequency, 0 V DC bias and 50 mV AC voltage. The MCP 
can be measured with light illumination or without light illumination. When MCP is 
measured with light illumination, the light source is 100mW/cm2 white light with the 
standard sun light spectrum. The light is guided to device by liquid light guide. The MCP 
is defined as Equation 2.6, where CB and C0 are the capacitance of the device with and 







CCMCP B         (2.6) 
2.3 Other measurement 
Photoluminescence and electroluminescence spectrum are measured by Fluorolog®-3 
spectrofluorometer. The optical absorption spectrum is measured by PerkinElmer 
Lambda 35 UV/VIS spectrometer. The film thickness is measured by Veeco diCaliber 
(004-1001-000) Atomic Force Microscope. C-V measurement is taken by Agilent 






INTERMOLECULAR EXCITED STATE RESPONSIBLE FOR 




Magnetic responses have been found in many organic semiconductors, including the 
magnetic responses in, electroluminescence (EL)339H17-340H341H342H343H344H345H23, photocurrent (PC)346H44-347H348H349H350H351H352H50, current or 
resistance353H18,354H24-355H356H357H358H359H360H361H362H363H364H365H366H367H368H369H370H371H43 and photoluminescence (PL)372H46,373H51-374H375H376H377H378H56. All these responses were called 
magnetic field effects (MFEs), and named as MFEPL, MFEEL, MFEPC and MFEC 
correspondingly. These magnetic responses were supposed coming from same origin, 
excited states (electron-hole pairs)379H65. The excited states have both singlet and triplet states 
with different spin precessions. When applying magnetic field, it can not only disturb the 
spin precession of the excited states but also split the triplet excited state sublevels. And 
then the magnetic field would lead to the change of ratio of singlet/triplet states. Because 
the singlet and triplet states have different contribution to emission and transport 
properties through excited state dissociation380H80,381H81 and excited state charge reaction 
processes382H70-383H384H385H386H387H75, different magnetic responses could be found. We found the electron-hole 
separation distance played an important role in determining the magnetic field effects. 
The electron-hole distance can affect the magnetic field effect on disturbing spin 
precession and ratio of splitting energy and exchange energy, it leads to the difference in 
MFEs of intermolecular excited states (relative long distance) and intramolecular excited 
states (relative short distance). By affecting the exchange energy between singlet and 
triplet states, strong donor-acceptor interaction could change the magnetic responses. The 
spin orbital coupling is also important for magnetic response. If the magnetic field could 






poly(N-vinylcarbazole) (PVK), 1,2,4,5-tetracyanobenzene (TCNB), pyrene (Py), N,N-
dimethylaniline (DMA), tetrahydrofuran (THF), dimethylformamide (DMF), polystyrene 
(PS), poly(methyl methacrylate) (PMMA), poly(acrylonitrile) (PAN), polyethylene 
glycol (PEG) are purchased from Sigma-Aldrich. Bis(2-(9,9-dibutylfluorenyl)-1-
isoquinoline(acetylacetonate) Iridium (III) (Ir77), Iridium (III) bis(2-(4,6-
difluorephenyl)pyridinato-N,C2) (Ir65) are purchased from American Dye Source, Inc. 
The magnetic field effect measurement is as mentioned in Chapter 2. 
3.3 Intermolecular excited states responsible for MFEs 
 
It has been found that the PVK and TCNB, whose chemical structures are shown in 
388HFigure 3.1, can form change transfer complex in ground state. 389H46,390H51 And the charge transfer 
complex could be excited and give out photoluminescence from the singlet charge 
transfer complex. The fluorescence from charge transfer complex also shows MFE. 391H46,392H51 
 












We also found magnetic field effect on PL from the charge transfer complex emission but 
not from the emission of pure component PVK, as shown in 393HFigure 3.2. It is clear that the 
new peak after mixing the two materials, indicating the formation of charge transfer 
complex. After introducing these intermolecular excited states, obvious MFEPL could be 
observed. But for single component, no MFEPL could be observed due to the lack of 
relative large separation distance electron-hole pairs. 
 
Figure 3.2 a) The PL spectrum of PVK and TCNB doped PVK b) MFE of PL for 
pure PVK and 1wt% TCNB doped PVK. 





































It should also be noted that in the system of composite of PVK and TCNB, MFP, MFE 
on EL and MC can be observed, shown in 394HFigure 3.3. The MFE on PL and MFP are both 
positive, which is well fit our model, singlet states would increase with magnetic field but 
not the triplet states. The MFE on PL is the direct reflection of the singlet exciton. It 
indicates the increase of singlet state in polaron pair states. And under electrical 
excitation, the situation is similar. Both the emission from singlet exciton and the current 
increase with magnetic field, which also indicates the singlet excited states ratio is 
increasing under external magnetic field. It should be noted that both of the emission and 
the current enhanced by the external magnetic field. It suggests the singlet polaron pair 





Figure 3.3 The MFP, MFEEL and MC of 1wt% TCNB doped PVK. 
 
 













































3.4 Separation distance study of singlet exciplex in liquid state 
 
We studied the well known liquid state exciplex system Py and DMA for magnetic field 
effect on photoluminescence395H52,396H53 their chemical structure is shown in 397HFigure 3.4.  
  
 
Figure 3.4 Chemical structures for Py and DMA. 
 
People have studied the magnetic field effect on the PL of the exciplex formed between 
Py and DMA.398H52,399H53 400HFigure 3.5a shows the exciplex PL spectrum with the PL spectrum for 
each single component. And the MFE on PL were also studied. The exciplex 
(intermolecular excited state) showed clear MFE on PL, while the single component 
(intramolecular excited state) did not show MFE on PL.  This is consistent with the 
singlet exciplex in solid state (PVK+TCNB system). It further support that intermolecular 
excited state is important for magnetic field effect. The external magnetic field can 
change the singlet/triplet ratio in intermolecular excited state. When there is no external 
magnetic field, the internal magnetic field such as hyperfine interaction and spin orbital 
coupling would flip the spin momentum. After apply external magnetic field, if the 






internal magnetic field modulated ISC to get  a new ratio between singlet and triplet 
states. 
 
Figure 3.5 a) PL spectrum of single component and exciplex of Py+DMA system, b) 
MFE on PL of single component and exciplex of Py+DMA system in solution, the 
solvent is the mixture of THF and DMF, THF:DMF=3:7 (volume ratio). 
 
Because the internal magnetic interaction is weak interaction it is very sensitive to the 
distance between electron and hole. The interaction reduces very fast when increasing the 
distance. Therefore, the magnetic field effects show strong dependent on the distance, the 
larger distance lead to weaker internal magnetic interaction causing larger MFE. In 
401HFigure 3.6, by changing the concentration of the liquid solution, we changed the distance 
between electron and hole. The PL spectrums were shifted and the MFEPL showed clear 
decreasing trend after increasing the distance. Here are two effects from the mount of 
solvent DMF. The first one is the dielectric effect, that the DMF have a large dielectric 
constant 81F82 of 36.7. If the solution contains more DMF, the average dielectric constant of 






























the solution will increase. It can be reflected from the red shift of the PL spectrum. And 
people have found the dielectric constant will affect the MFEPL. But for the solution 
without adding any DMF, the solvent is DMA itself, whose dielectric constant 82F83 is about 
4.91. The dielectric constant of DMA is small, which suggest the separation distance of 
radical ion pair is also small. But in weak polar solvent investigators have found 
magnetic field effect is very little, because of the limitation of solvent separated radical 
ion pair, which is the intermolecular excited state in solution.83F84 It should be noted that the 
dielectric constant effect can also help to change the distance because the Coulomb 
interaction between the Py and DMA radial ion pair will be screened by the dielectric 
background. With more DMF the dielectric constant is larger; the dielectric screening is 
also stronger, which will lead to larger separation distance. The second effect of DMF is 
the dilution effect, that the DMF dilute the concentration of Py and DMA molecules. It 
means the distance between Py and DMA can be increased. For the situation without 
adding DMF, the distance between Py and DMA can be consider being the smallest, that 
the Py are always surrounded by DMA molecules. The Py and DMA are almost 
contacted with each other. As a result of the two effects, the exchange energy will be very 
large without DMF. It makes the external magnetic field splitting can be omitted. 
Consequently, the magnetic field effect on PL could not be detected. After adding DMF, 
the separation distance between Py and DMA will become larger and the exchange 




Figure 3.6 a) PL spectrum of Py+DMA in DMF with different concentration, b) 
Concentration dependent MFE on PL of Py+DMA. 
 
 














































3.5 SOC effect on MFE from intermolecular excited state 
 
In general, the spin-orbital coupling can exist inside a molecule and between two adjacent 
molecules, namely intra-molecular and inter-molecular spin-orbital coupling in triplet 
semiconducting materials. Especially, the intra-molecular spin-orbital coupling and inter-
molecular spin-orbital coupling are responsible for the spin-momentum conservation 
required in intra-molecular and inter-molecular spin-dependent processes, respectively. 
Therefore, intra-molecular and inter-molecular spin-orbital coupling can be used to 
generate MFEs by affecting the intra-molecular and inter-molecular spin-dependent 
processes through spin-momentum conservation. Furthermore, inter-molecular spin-
orbital coupling can be conveniently tuned by changing inter-molecular distance. Thus, 
inter-molecular spin-orbital coupling provides a facile mechanism to tune the MFEs in 
triplet semiconducting materials. 
 
External magnetic field should be comparable to internal magnetic field. If the internal 
magnetic field is too strong, the external magnetic field could not interrupt the internal 
magnetic field. Therefore, we can use internal magnetic field interaction, such as SOC, to 
change the external magnetic field effect. We use heavy metal complex Ir77, to change 
the internal magnetic interaction in the liquid state singlet exciplex system Py:DMA. 
402HFigure 3.7 shows the heavy metal complex Ir77 concentration dependent MFE on PL and 
the chemical structure of Ir77. With higher concentration of Ir77 the SOC interaction was 
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enhanced the MFE get smaller. It points out the stronger internal magnetic field the 
external magnetic field show less effect. 
 
 
Figure 3.7 Heavy metal complex concentration effect on MFE on PL of Py+DMA in 
mixture solvent of THF:DMF=3:7 system and the chemical structure of Ir77. 
 
Another system of Ir65, whose structure is shown in 403HFigure 3.8, mixed with TCNB can 
also show the exciplex emission at about 587nm, as shown in 404HFigure 3.9a. (The peak at 
about 470 nm is from Ir65.) And from the EPR measurement (405HFigure 3.9b), it clear shows 
the electron transfer states under light illumination but without the light illumination the 
EPR spectrum did not show clear charge transfer. The lifetime of the emission at 587nm 
is about 0.4 μs. We consider the exciplex emission is from triplet exciplex based on these 
two evidences.  
































Figure 3.8 Chemical structure of Ir65 and TCNB. 
 
 
Figure 3.9 a) PL spectrum of composite Ir65:TCNB:PMMA=2:2:5 and 
Ir65:PMMA=2:5 , b) EPR spectrum of Ir65:TCNB: PMMA composite. 
 
We have studied the MFE on PL, EL and MC in this triplet exciplex system. For the 
MFE on PL, we did not observe clear MFE for the triplet exciplex emission. This is due 







































between Ir65:TCNB complex and inert polymer matrix PMMA to change the distance 
between Ir65 and TCNB. Distance can have two effects. One is to adjust the SOC effect 
from Ir65, the other is to tune the exchange energy as we did in the singlet exciplex 
system. The PL spectrum is shown in 406HFigure 3.10. With diluting the concentration of the 
triplet exciplex, the emission from triplet exciplex gradually decreases. At relative high 
concentration 1:1:5 and 1:1:10, the triplet exciplex emission can be easily observed. At 
lower concentration 1:1:20, we can only observe a shoulder from triplet exciplex. At the 
lowest concentration 1:1:30, the triplet exciplex almost disappeared. But even at this low 
concentration, the MFEPL is still absent.  
 
 
Figure 3.10 Concentration dependent of PL spectrum from triplet exciplex 
Ir65+TCNB. 
 





















By changing the concentration, the MFEPL did not take place. Then we changed the 
matrix with different dielectric constant, as shown in 407HFigure 3.11. From PS ε=2.5, 84F85 
PMMA ε=3.6,408H85 PAN ε=5.5,409H85 to PEG ε>10, 85F86,86F87 the dielectric constant is increasing. 
Then the stronger dielectric screening could be expected, which will lead to larger 




Figure 3.11 Polymer matrix dielectric constant dependent PL spectrum of triplet 
exciplex from Ir65+TCNB. 
 
From the above discussion, no matter how we change the distance between triplet 
exciplex, no MFEPL could be observed. This is different from the singlet exciplex system, 
in which we can easily change the magnitude of MFEPL by changing the distance or 
dielectric constant. This suggests the spin orbital coupling has large influence on 
magnetic field effect on PL. 
























In the electroluminescence, the EL spectrum of the exciplex is similar to the 
photoluminescence as shown in 410HFigure 3.12. But MFEEL also could not be observed for 
all the concentration and all polymer matrixes.  From these two magnetic measurements, 
we might expect that the strong spin orbit coupling might destroy all the magnetic 
responses in the triplet exciplex system. 
 
 
Figure 3.12 EL spectrum of ITO/Ir65:TCNB:PMMA/Al. 
 
But the organic magnetoresistance (OMR) measurement gives us different results. 411HFigure 
3.13 shows the OMR result from device ITO/Ir65:TCNB:PMMA=2:2:3/Al. We can 
observe not large but considerable OMR. This result indicates the OMR and MFEPL or 
MFEEL has different sensitivity to spin orbital coupling. OMR is not as sensitive as 
MFEPL to strong spin orbital coupling. It might be due to the difference between 












recombination and dissociation process. In recombination process the intermolecular 
excited state will recombine to intramolecular excited state or contacted radical ion pair. 
Then they will further recombine and emit photon. At intramolecular excited state, they 
will also be affected by SOC through intersystem crossing.This might readjust the 
singlet/triplet ratio and the magnetic field effect on EL or PL will disappear. However, in 
the dissociation process, the intermolecular excited state will dissociate to free ions or 
free charges. They will not go through intersystem crossing again. There is no second 
time adjustment. Therefore, the magnetic field effect will remain. 
 
Figure 3.13 OMR of device ITO/Ir65:TCNB:PMMA/Al. 
 
 
















We studied the magnetic field effect on PL of intermolecular excited state exciplex in 
solid and liquid state. The result suggests the external magnetic field not only shows 
Zeeman splitting effect but also can affect the spin momentum conservation when the 
external magnetic field is comparable to internal magnetic field. The separation distance 
effect and SOC effect were found to be important for MFE. The long or short separation 
distance between donor-acceptor can cause relative small or large exchange energy 
between singlet and triplet excited states. When the exchange energy is larger, the 
splitting energy of magnetic field was too small to obtain MFEs. Only when the exchange 
energy is small, the splitting energy of external magnetic field will lead to the change of 
the intersystem crossing process. The SOC can quench the magnetic field effects. But the 
sensitivity of the different magnetic field effect is various according to the different 














This paper reports the recent experimental studies on electro-optically active polymer 
blends in organic spintronics. The experimental results indicate that polymer blends offer 
a convenient methodology to modify the critical parameter: spin-orbital coupling, in 
spintronics through inter-molecular interaction. Furthermore, the energy transfer in 
polymer blends can carry magnetic field effects from one component to another 
component and consequently amplifies the magnetic field effects in polymer blends. As a 
result, polymer blends are an important class of materials in organic spintronics. 
4.2 Introduction 
 
Polymer blends present a fundamental concept to generate nanoscale morphological 
structures. The nanoscale morphological structures can offer effective control on charge 
transport and excited processes in optoelectronics where electronic and optic processes 
can be mutually controlled. Recently, experimental studies have found that polymer 
blends can have tunable inter-molecular spin-orbital coupling which is a critical 
parameter in spintronics where magnetic, optic, and electronic processes can be mutually 
controlled. As a result, polymer blends have become an important class of materials from 
optoelectronics to spintronics. In optoelectronics organic light emitting diodes (OLEDs) 
have been widely investigated due to their high potential applications in flexible display 
and large-area solid-state lighting.87F 88 ,88F 89  Polymer molecular composites89F 90  or polymer 
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blends90F 91  are widely used to control the key processes: balancing degree of bipolar 
electron and hole injection, electron-hole recombination, energy transfer, and light 
emission efficiency in the polymer based white OLEDs. Furthermore, people have 
recently found from magnetic field effect on electroluminescence (MFEEL) that the light 
intensity changed with magnetic field in the OLEDs.412H17-413H414H415H416H417H418H23 This experimental finding 
indicates that organic semiconducting materials including polymers and polymer blends 
can be used for organic spintronics. There are two possible mechanisms for MFEEL. One 
is that magnetic field changes the formation rate of both the singlet and triplet excited 
states and further leads their emission changing.91F92 The other possible mechanism is that 
the external magnetic field changed singlet/triplet excited states ratio by affecting 
intersystem crossing.419H18,420H28,421H65 In the intersystem crossing mechanism, the competition 
between internal magnetic interaction, such as spin orbital coupling, and external 
magnetic field is very important to determine singlet/triplet ratio change caused by the 
external magnetic field in organic semiconductors. Polymer molecular composites or 
polymer blends can also show MFEEL. In these mixture structures, the energy transfer and 
spin-orbital coupling are two existing key factors in the determination of magnetic field 
effects. In our recent work, we studied the MFEEL in polymer blend-based devices with 
energy transfer such as composite of poly(N-vinylcarbazole) (PVK) with tris[2-
phenylpyridine] iridium (Ir(ppy)3) and poly[9,9-di-(2-ethylhexyl)-fluorenyl-2,7-diyl] 
(PFO) with Ir(ppy)3. We observed by using energy transfer from a strong spin-orbital-
coupling material to a weak spin-orbital-coupling material that the MFEEL in strong spin-
orbital coupling materials could be largely amplified. This experimental finding indicates 
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that the use of polymer blends presents a new mechanism to amplify magnetic field 
effects in organic spintronics. 
4.3 Experiment 
 
The polymer molecular blend was prepared by dispersing the heavy-metal complex 
Ir(ppy)3 into a PVK matrix by 0.1wt% and into PFO matrix by 3wt%. The composites 
were dissolved in chloroform and spun cast on pre-cleaned indium-tin-oxide (ITO) 
coated glass substrates. The aluminum metal electrode was then thermally evaporated on 
the polymer blend film under the vacuum of 2×10−6 Torr to fabricate light emitting 
devices with the architecture of ITO/polymer blend/Al. The MFEEL was measured at 







, where IEL(B) and IEL(0) are the electroluminescence intensity at constant 
current condition with and without magnetic field, respectively. 
 
4.4 Result and discussion 
 
4.4.1 Magnetic field effect on electroluminescence of pure Ir(ppy)3 and PVK 
The chemical structures of Ir(ppy)3 and PVK are shown in 422HFigure 4.1. It is known that the 
electroluminescence is generated by radiative emission of intra-molecular electron-hole 
pairs, namely excitons. We know that the excitons have both singlet (S) and triplet (T) 
states. In general, the singlet/triplet ratio in excitonic states is 1/3 when the electron-hole 
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pairs are formed. A magnetic field can change electroluminescence by changing the 
singlet and triplet formation rate or by changing the singlet-triplet intersystem crossing. 
For the singlet and triplet formation, the experimental result that both of florescence and 
phosphorescence emission in electroluminescence increase with applied magnetic field 
suggests that both singlet and triplet exciton formation rates increase under the influence 
of a magnetic field.423H92 For the singlet-triplet intersystem crossing, an external magnetic 
field needs to be strong enough, relative to the internal magnetic field generated by spin 
orbital coupling, to generate MFEEL. When strong-spin-orbital-coupling Ir(ppy)3 
molecules are dispersed into weak spin-orbital-coupling PVK matrix, the penetration of 
delocalized π electrons from the PVK matrix into the magnetic field from orbital current 
in the Ir(ppy)3 molecules can inevitably generate inter-molecular spin-orbital coupling.  
This inter-molecular spin-orbital coupling can be largely tuned by adjusting the Ir(ppy)3 
dispersion concentration. In particular, this tunable inter-molecular spin-orbital coupling 
forms a convenient but effective mechanism to modify the spin-orbital coupling strengths 
for each component in such polymer blends. 












The characteristic electroluminescence peaks for individual PVK and Ir(ppy)3 
components are around 405 nm and 505 nm as shown in 424HFigure 4.2a, correspondingly. 
425HFigure 4.2b shows the MFEEL from individual pure PVK and pure Ir(ppy)3 components. 
It should be noted that the pure PVK exhibits a large MFEEL with the amplitude of about 
+10% but the pure Ir(ppy)3 does not show an appreciable MFEEL. This difference could 




Figure 4.2 a) Normalized electroluminescence spectrum for pure PVK and pure 
Ir(ppy)3 b) MFEEL of pure PVK and Ir(ppy)3. 
































It is obvious that the PVK gives fluorescence from its singlet excitons while the Ir(ppy)3 
generates phosphorescence from its triplet excitons due to the strong spin-orbital 
coupling caused by the heavy metal Ir complex structure, as shown in 426HFigure 4.3. For 
weak spin-orbital-coupling materials such as PVK, a low magnetic field of around 
10~100 mT is stronger than the internal magnetic field from spin-orbital coupling. As a 
consequence, significant MFEEL can be expected. For the strong-spin-orbital-coupling 
materials such as Ir(ppy)3, a low magnetic field less than 1 T is much weaker than the 
internal magnetic field generated by spin-orbital coupling.92F 93  As a result, negligible 




Figure 4.3 The energy level of both singlet and triplet exciton state of PVK and 













4.4.2 MFE from the composite of PVK and Ir(ppy)3 
After we lightly doped Ir(ppy)3 into PVK matrix, the PVK + Ir(ppy)3 blend shows 
electroluminescence spectrum ( 427HFigure 4.4a), which shows both characteristic peaks at 
405 nm from the PVK matrix and at 505 nm from the dispersed Ir(ppy)3 molecules. More 
importantly, both electroluminescence peaks show clear MFEEL. As shown in 428HFigure 4.4b 
and 429HFigure 4.4c, the PVK matrix shows around +5% MFEEL smaller than the pure PVK 
device. But the dispersed Ir(ppy)3 surprisingly shows +3% MFEEL while the pure Ir(ppy)3 
device gives negligible MFEEL. The decrease of MFEEL for PVK matrix as compared to 
pure PVK device is due to the increase in its spin-orbital coupling strength caused by the 
inter-molecular spin-orbital coupling.430H63 
4.4.3 Energy transfer mechanism of MFEEL in the composite of PVK and Ir(ppy)3 
The positive MFEEL for the dispersed Ir(ppy)3 molecules can come from following two 
possibilities: spin-orbital coupling and energy transfer. 
 
First, the spin-orbital coupling strength of dispersed Ir(ppy)3 molecules was weakened by 
the PVK matrix through inter-molecular spin-orbital coupling effects. Then a low 
magnetic field becomes strong enough to compete with the weakened spin-orbital 
coupling strength in the dispersed Ir(ppy)3. Thus the electroluminescence from the 





Figure 4.4 a) Normalized electroluminescence spectrum for composite of 
PVK+0.1% Ir(ppy)3, the electroluminescence spectrum of pure PVK and pure 
Ir(ppy)3 are also shown as reference, b) MFEEL of 0.1% Ir(ppy)3+PVK and pure 
PVK at 405nm, c) MFEEL of 0.1% Ir(ppy)3+PVK and pure Ir(ppy)3 at 505nm. 
 
























































Second, the energy transfer from the PVK matrix to dispersed Ir(py)3 molecules can carry 
the MFEEL from the PVK matrix to the dispersed Ir(ppy)3 molecules, leading to a MFEEL 
in the dispersed Ir(ppy)3 in the PVK + Ir(ppy)3 blend. The observed positive MFEEL from 
the dispersed Ir(ppy)3 molecules can rule out the first possibility: spin-orbital coupling 
mechanism, because the spin-orbital coupling mechanism should give negative MFEEL in 
triplet electroluminescence through intersystem crossing.431H18 Therefore, the energy transfer 
mechanism is mainly accountable for the positive MFEEL observed from the PVK + 
Ir(ppy)3 blend. 
 
As shown in 432HFigure 4.5, the UV-vis absorption spectrum of Ir(ppy)3 and 
photoluminescence spectrum of PVK have large overlap. Then the sufficient energy 
transfer from PVK to Ir(ppy)3 could be expected. And if we compare the 
photoluminescence and electroluminescence of the composite of PVK and Ir(ppy)3, the 
ratio of the peak height is similar in photoluminescence and electroluminescence, which 
indicates the energy transfer happens in the electroluminescence. The possibility of 





Figure 4.5 a) Absorption of Ir(ppy)3 and photoluminescence of PVK, b) 
Photoluminescence and electroluminescence of PVK with 0.1% Ir(ppy)3. 
 





















433HFigure 4.6 schematically illustrates how energy transfer can amplify the MFEEL for the 
phosphorescence of heavy-metal complex Ir(ppy)3 through polymer blend design. When 
PVK and Ir(ppy)3 were mixed, a low magnetic field would change the intersystem 
crossing in PVK matrix with the consequence of increasing singlet ratio in the PVK 
matrix. Then due to the energy transfer, the increased singlets in the PVK matrix are 
transferred to the singlet states in the dispersed Ir(ppy)3 molecules through Förster 
process. Because of the strong spin-orbital coupling in the dispersed Ir(ppy)3 molecules, 
the intersystem crossing process can be very efficient and especially independent on 
magnetic field in the Ir(ppy)3 component. As a result, almost all singlets are converted 
into triplets in the dispersed Ir(ppy)3 molecules. 
Figure 4.6 Energy transfer process in electroluminescence of composite of PVK 
doped with 0.1wt% Ir(ppy)3. S and T refer to singlet and triplet state. 
 
This means that triplets in the dispersed Ir(ppy)3 molecules can essentially increase due to 
(i) efficient energy transfer from the PVK matrix to the dispersed Ir(ppy)3 molecules and 







2.5eV magnetic field independent
magnetic fielddependentMFEEL Amplified MFEEL
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MFEEL from the dispersed Ir(ppy)3 molecules can be considerably amplified based on 
polymer blend design as compared to pure Ir(ppy)3 molecules. 
4.4.4 MFE from the composite of PFO and Ir(ppy)3 
In the system of PFO doped with Ir(ppy)3, the situation is more complicated. PFO is a 
widely used polymer host with blue emission, whose structure is shown in 434HFigure 4.7. 
435HFigure 4.8 showed the EL spectrum and MFE for PFO+3wt% Ir(ppy)3 system. After 
dispersing 3wt% Ir(ppy)3 in PFO, compared the EL spectrum with pure PFO film, there 
was another peak which was at about 570-580nm, which is also different from Ir(ppy)3. 
This peak from energy is about 2.1-2.2eV, which is very close to PFO triplet energy level 
(2.3eV)93F94, so we considered it was related to the phosphorescence from PFO. This peak 
showed the intermolecular SOC in PFO was enhanced by Ir(ppy)3. And only the 
fluorescence peak from PFO could show MFEEL, MFEEL for the phosphorescence was 
not observed.  
 








Figure 4.8 a) Electroluminescence spectrum of ITO/PFO+3%Ir(ppy)3/Al and 
ITO/PFO/Al, b) MFE on electrofluorescence and electrophosphorescence in 
ITO/PFO+3%Ir(ppy)3/Al, FEL refer to the electrofluorescence, PEL refer to the 
electrophosphorescence. 
 



























4.4.5 Mechanism of MFEEL in composite of PFO and Ir(ppy)3 
The possible explanation is still caused by the energy transfer process. But this time it 
contains both Foster energy transfer and Dexter energy transfer. The Foster energy 
transfer can be supported by the overlap of absorption of Ir(ppy)3 and the PL of PFO, as 
shown in 436HFigure 4.9. The Dexter energy transfer is well known in OLED fabrication94F95. It 
has been found that the triplet energy level of the PFO is 2.3 eV, which is lower than the 
triplet energy level of the Ir(ppy)3 around 2.4 eV. 95F96 
 
Figure 4.9 Overlap of absorption of Ir(ppy)3 and the photoluminescence of PFO. 
 
This energy transfer mechanism is shown in 437HFigure 4.10. The singlet excitons in PFO 
molecules went to the Ir(ppy)3 singlet level due to the energy transfer process. Then 
almost 100% the singlet exciton in Ir(ppy)3 molecules would change into triplet excitons 
due to the very strong intramolecular SOC. After that the triplet excitons in Ir(ppy)3 











would transfer to PFO triplet energy level due to back energy transfer process then the 
emission from that caused the 570nm phosphorescence peak. When applying magnetic 
field, the ratio of singlet polaron pairs in PFO would increase but the ratio of triplet 
polaron pairs would decrease. The increased single polaron pairs would further generate 
more singlet excitons in PFO. This caused the positive MFEEL of the fluorescence in 
PFO. And the decreased triplet polaron pairs would further cause less triplet excitons in 
PFO in one hand. But in the other hand, through the energy transfer, 100% intersystem 
crossing and back energy transfer cycle in Ir(ppy)3, the increase in singlet exciton in PFO 
would transfer to Ir(ppy)3 and then went back through back energy transfer. So it would 
also enlarge the ratio of triplet exciton in PFO. Thus the decrease in triplet excitons in 
PFO would be canceled by the cyclic process. So no MFEEL was observed for the 
phosphorescence in PFO. 
 
Figure 4.10 Energy transfer process in electroluminescence of composite of PFO 
















We have shown that polymer blend design can lead to a substantial tuning on spin-orbital 
coupling through inter-molecular interaction when a weak-spin-orbital-coupling polymer 
is mixed with strong-spin-orbital-coupling molecules. The tuning of spin-orbital coupling 
comes from the penetration of delocalized π  electrons from weak-spin-orbital-coupling 
polymer matrix into the magnetic field of orbital current of the strong-spin-orbital-
coupling molecules. On the other hand, the Förster energy transfer can occur from the 
polymer matrix to dispersed molecules in polymer molecular blends. Especially, this 
Förster energy transfer can carry the MFEEL from weak-spin-orbital-coupling polymer 
matrix to strong-spin-orbital-coupling molecules, leading to amplification on the MFEEL 
in the strong-spin-orbital-coupling molecules. Therefore, polymer blends design presents 
a new mechanism to amplify magnetic field effects in organic spintronics based on (i) 
modification of spin-orbital coupling and (ii) Förster energy transfer. However, in the 
system containing both Förster and Dexter energy transfer effects, the MFEEL from host 
fluorescence also decreases due to the spin-orbital coupling effect. The EL from 
phosphorescence of host can be observed instead of the phosphorescence of guest. And 
the MFEEL on phosphorescence will be limited by the coexistence of the Förster and 





THE ROLE OF INTERMOLECULAR SPIN-ORBITAL COUPLING 






Organic semiconductors exhibit magnetic responses on electrical current (MC) under low 
magnetic field. This response is due to the spin dependent intersystem crossing processes 
of intermolecular electron-hole pairs in organic semiconductors. The external magnetic 
field always needs to compete with internal magnetic interactions to satisfy the spin 
momentum conservation to flip the spin for the intersystem crossing process in 
intermolecular electron-hole pair states. Then MC would be generated from different 
channels. Therefore, the strength of internal magnetic interaction, such as hyperfine 
interaction and spin-orbital coupling, would determine if the magnetic field can be 
observed in a given magnetic field. We found considerable magnetic response can be 
observed when the intermolecular spin-orbital coupling is reduced. It indicates that 





It has been experimentally found that organic semiconductors can show magnetic 
responses in electrocurrent438H18,439H24-440H441H442H443H444H445H446H447H448H449H450H451H452H453H454H455H456H457H458H43,459H65,460H68,461H69 to externally applied low magnetic field (< 
100mT), which was named as magnetocurrent (MC) or organic magnetoresistance 
(OMR) with nonmagnetic electrode, which is different the situation with magnetic 
electrode.462H25,96F 97 ,97F 98  However, phosphorescent organic semiconductors always exhibit 
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negligible MC.463H26,464H62,465H63 The negligible MC has formed a difficulty for phosphorescent 
organic semiconductors to be used in magneto-optoelectronic applications. Based on 
electrical drifting theory, the MC can be generated by magnetically changing charge 
mobility or density, forming mobility-based MC466H26,467H29,468H34,469H37,470H40,471H42,472H43 and density-based 
MC473H18,474H19,475H28,476H38,477H39,478H63,479H65. In mobility-based MC, organic semiconductors need to have spin-spin 
interaction between charge carriers. Applying magnetic field can disturb this spin-spin 
interaction through magnetic scattering and consequently modifies charge motilities, 
generating mobility-based MC. However, experimental studies have found that organic 
semiconductors exhibit negligible mobility-based MC.98F99-99F100F101F102 These experimental findings 
imply that bulk organic semiconductors lack appreciable spin-spin interaction. As a 
result, magnetically changing charge density becomes a practical method to generate MC, 
giving density-based MC. In density-based MC, there are two channels, namely 
dissociation and charge-reaction to generate the MC. Specifically, in dissociation channel 
applied magnetic field can change the singlet and triplet ratios in polaron-pair states 
through intersystem crossing. This can lead to a positive MC through dissociation 
channel based on the experimental argument that singlets have larger dissociation rates 
due to stronger ionic properties in wavefunctions as compared to triplets.480H80,481H81 In 
dissociation channel magnetic field-dependent intersystem crossing is a key process. We 
know that the intersystem crossing requires spin-momentum conservation. A magnetic 
field can affect the spin-momentum conservation through magnetic scattering and 
consequently changes the intersystem crossing with the consequence of increasing 
singlets and decreasing triplets in polaron-pair states towards the generation of magnetic 
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field effects.482H18,483H28,484H65 In charge-reaction channel, the excitons formed from injected bipolar 
charge carriers can react with free charges, generating exciton-charge reaction, when they 
are within close proximity.485H70-486H487H72 The exciton-charge reaction can break excitons into free 
charges.488H73,489H74 Although both singlet and triplet excitons can be involved in charge reaction, 
triplet excitons can dominate charge reaction due to the long lifetimes. An applied 
magnetic field can perturb the spin interaction between a triplet exciton and a charge in 
triplet-charge reaction and consequently decreases the triplet-charge reaction rate 
constant.490H75,491H76 Therefore, charge reaction channel can lead to a negative MC. More 
importantly, in density-based MC both dissociation and charge reaction channels are 
dependent of inter-molecular spin-orbital coupling (SOC). Specifically, an applied 
magnetic field competes with inter-molecular SOC to conserve spin-momentum in both 
intersystem crossing and charge reaction. As a result, changing inter-molecular SOC can 
modify the density-based MC through dissociation and charge reaction channels. 
 
The organic semiconductors can be separated into types: singlet organic semiconductor 
and triplet organic semiconductor, according to the spin orbital coupling strength in the 
material. Recently, it has been found that the hyperfine interaction is accountable for the 
MFEs in singlet semiconducting DOOPPV 492H58. On the other hand, in another singlet 
semiconducting material Alq3, it does not suggest hyperfine interaction is responsible to 
MC493H60. In addition, Alq3 has relative strong spin orbital coupling strength494H59. We believe it 
is caused by the relative strong spin orbital coupling. It indicates the importance of spin-
orbital coupling for MC. In this work we investigate how spin-orbital coupling affects the 
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MC in triplet semiconducting materials, which is important for organic light emitting 
diodes102F103,103F104 and organic solar cells104F105. We use Iridium complex molecules to introduce 
inter-molecular spin-orbital coupling through molecular dispersion in an inert polymer 
matrix PMMA. It should be noted that strong SOC in Iridium complex molecules almost 
completely quenches MC in the pure film because strong spin-orbital coupling plays a 
dominate role in the competition between internal magnetic interaction and external 
magnetic field. On the other hand, changing the intermolecular distance can lead to large 
modification to the exchange energy and intermolecular SOC. Therefore, the dispersion 
of Iridium complex molecules into an inert polymer matrix provides an opportunity for us 




The iridium heavy-metal complex molecule, fac-tris(2-phenylpyridine) Iridium 
(Ir(ppy)3),  Bis(2-(9,9-dibutylfluorenyl)-1-isoquinoline(acetylacetonate) Iridium (III) 
(Ir77) and Iridium (III) bis(2-(4,6-difluorephenyl)pyridinato-N,C2) (Ir65) were purchased 
from America Dye Source, Inc. and used as triplet organic semiconducting material. The 
poly (methyl methacrylate) (PMMA) and polystyrene (PS) were used as polymer matrix. 
The chemical structures of Ir65, Ir77 and Ir(ppy)3 are shown in 495HFigure 5.1. PMMA and 
PS are insulators and the charge transport below the dielectric rupture occurs through the 
dispersed Iridium complex molecules. The Iridium complex molecules were used in 
organic light-emitting diodes with two different forms: bulk and composite films spin 
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cast from chloroform solutions. The organic light-emitting diodes were fabricated with 
indium tin oxide (ITO) and aluminum (Al) electrodes. The Al electrode was thermally 
evaporated under the vacuum of 2×10−6 Torr. The MC was measured at constant-voltage 
mode. The MC amplitude was given by the relative change in electrical current caused by 




IIB − , where IB and I0 are the electrical 
current with and without an applied magnetic field. The electron parametric resonance 
(EPR) was measured by JES-FA200 Electron Spin Resonance Spectrometer from JEOL 
Inc, working at X-band (9GHz). 
 
Figure 5.1 Chemical structures for Ir65, Ir77 and Ir(ppy)3.  
 
5.4 Results and Discussion 
It can be seen in 496HFigure 5.2 that the heavy-metal complex Ir(ppy)3 exhibits a negligible 
effect on MC. However, positive and negative MC can be observed when the Ir(ppy)3 
molecules are dispersed into inert PS and PMMA matrices, respectively. The strong spin-

























~ 100 μeV. 497H93 We know that the electroluminescence and electric current from bulk triplet 
Ir(ppy)3 film shows negligible dependence of magnetic field498H63. 
 
Figure 5.2 Magnetocurrent is shown for Ir(ppy)3:PMMA and Ir(ppy)3:PS 
composites as compared to pure Ir(ppy)3 molecules. The weight ratio of Ir(ppy)3: 
polymer is 1:2. 
In general, the spin-orbital coupling is the spin momentum coupled with the orbital 
momentum inside a molecule and between two molecules, namely intramolecular and 
intermolecular spin-orbital coupling. We know that the intra-molecular and inter-
molecular SOC are determined by molecular structure and packing, respectively. For a 
given molecular structure, inter-molecular SOC can be largely tuned through molecular 
packing. But, it should be noted that the inter-molecular SOC, generated by the magnetic 
interaction between the π electron spins and orbital magnetic field between two adjacent 
molecules, becomes negligible in non-heavy metal complex molecules where orbital field 

























is weak. For phosphorescent organic semiconductors, the overall SOC consists of both 
intra-molecular and inter-molecular components. 
 
It should be noted that the intermolecular excited states are responsible for magnetic field 
effect. Therefore, intermolecular spin-orbital coupling provides a facile mechanism to 
tune the MC in triplet semiconducting materials. Molecular dispersion can weaken inter-
molecular spin-orbital coupling due to molecular dilution effect, when triplet Ir(ppy)3 
molecules are dispersed in an inert polymer matrix. Therefore, it can be theoretically 
argued that the inter-molecular spin-orbital coupling is a critical parameter in the 
determination of magnetic field effects in triplet organic semiconducting materials. 
Especially, the dispersion can largely change inter-molecular spin-orbital coupling and 
consequently generate a substantial tuning on magnetic field effects. Nevertheless, 
external magnetic field needs to compete with internal magnetic interaction contributing 
to the energy conservation through Zeeman splitting and momentum conservation 
through magnetic scattering. As a consequence, changing inter-molecular distance can 
largely tune inter-molecular SOC, leading to a modification on overall SOC for 
phosphorescent organic semiconductors.  
 
We know that the MC can be generated by three different channels:  transport (bipolaron 
model)499H26,500H29,501H34,502H37,503H40,504H42,505H43, dissociation (polaron pair model) 506H18,507H19,508H28,509H38,510H39,511H63,512H65 and exciton-
charge reaction (triplet charge reaction model) 513H31,514H34,515H35,516H40. But there is one common point 
that the weaken of the intermolecular SOC during the dispersion of Ir(ppy)3 into PMMA 
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plays an important role in generating the MC. 517HFigure 5.3 shows the intramolecular SOC 
and intermolecular SOC. The intramolecular SOC in isolated Ir(ppy)3 molecule is shown 
as Equation (5.1), where L̂  and Ŝ  are orbital field and electron spin, ξ is the spin-orbit 
coupling constant, respectively.  If there is another Ir(ppy)3 molecule nearby, there will be 
an intermolecular SOC contribution add to the total SOC strength, as shown as Equation 
(5.2). Here raH intˆ  is the intramolecular SOC strength, erH intˆ  is the intermolecular SOC 
strength between molecule 1 and 2.  
 
For intramolecular SOC 
SLH SO ˆˆˆ ⋅= ξ           (5.1) 
 
For intermolecular SOC 
SLLHHH ererraraerraSO ˆ)ˆˆ(ˆˆˆ intintintintintint •+=+= ξξ      (5.2) 
 
In our device of Ir(ppy)3:PMMA composite, the electrons and holes were injected by 
external electrical field. When they were in intermolecular electron-hole pair states, the 
intermolecular SOC strength ( interĤ ) was weaker than pure Ir(ppy)3 film due to the 
distance separation increases caused by the PMMA between Ir complexes molecules. 
Therefore, the external magnetic field could compete with the weakened intermolecular 




Figure 5.3 The intra- and inter- molecular SOC for Ir(ppy)3 in solid state, electron 
spin μs and orbital magnetic field BOrb occurring within a single molecule and 
between adjacent molecules. M1 and M2 are two adjacent Ir(ppy)3 molecules. 
Now we further examine the inter-molecular SOC when the phosphorescent Ir(ppy)3 
molecules are dispersed in an inert polymer matrix. We know that dispersing the Ir(ppy)3 
molecules into an inert polymer matrix can, in general, form three phases:  separated 
Ir(ppy)3 molecules, aggregated Ir(ppy)3 molecules, and continuous polymer 
morphologies. For separated Ir(ppy)3 molecules, changing molecular concentration can 
directly modify the inter-molecular SOC by varying the inter-molecular distances. The 
dispersion effect is well common in Ir complex with strong spin orbit coupling strength. 
After dispersion all the Ir complexes show considerable magnetocurrent effect. For the 
aggregated Ir(ppy)3 molecules, changing molecular concentration can change their 
domain sizes and consequently affects the sum of inter-molecular SOC components 
associated with each molecule within a given domain. From theoretical estimation105F106, we 
can suggest that the summation of individual inter-molecular SOC components can 



















saturation with the domain size of ~5 nm. Here, we carefully examined intermolecular 
spin orbital coupling upon Ir(ppy)3 dispersion in an inert polymer matrix by using 
electron parametric resonance (EPR). In EPR spectrum, the EPR peak clearly shifts to a 
lower magnetic field after the Ir(ppy)3 molecules are dispersed in an inert polymer matrix 
as shown in 518HFigure 5.4. The microwave frequencies for the pure Ir(ppy)3 and Ir(ppy)3:PS 
sample are and 9069.301 MHz and 9067.264 MHz, correspondingly. This EPR peak shift 
indicates that the g factor decreases from 1.9936 to 1.9895 from the Ir(ppy)3:PS 
composite to pure Ir(ppy)3. And the linewidth of the EPR spectrum changed from 17.2 
Gauss to 21.8 Gauss from the Ir(ppy)3:PS composite to pure Ir(ppy)3. Both the g factor 106F107 
and the linewidth 107F108 of the EPR spectrum suggest that inter-molecular SOC strength is 
reduced after the dispersion. Therefore, the EPR result confirms that dispersing Ir(ppy)3 
molecules in an inert polymer matrix can lead to a reduction in inter-molecular SOC for 
phosphorescent organic molecules. In particular, weakening the inter-molecular SOC can 
increase the role of applied magnetic field on spin-momentum conservation involved in 
intersystem crossing and exciton-charge reaction. As a result, changing the inter-








Figure 5.4 EPR spectra for Ir(ppy)3:PS composite with weight ratio of 1:2 and pure 
Ir(ppy)3. 
 
It should be noted that the spin-orbital coupling in the Ir complex molecules is also 
related to the ligand group. With different ligand, not only the spin-orbital coupling 
strength is different but the exciton energy and energy level are also different. By 
changing the ligand group, people has synthesized Ir complex with different emission 
color and energy level. We also study the dispersion of different Ir complex with 
different emission color: blue (Ir65), green (Ir(ppy)3) and red (Ir77), whose 






















Figure 5.5 Electroluminescence spectrum of Ir65, Ir77 and Ir(ppy) 3 and their 
composite in PMMA matrix. 
All the Ir complex have strong spin orbital coupling strength, which can be reflected by 
the probability of intersystem crossing of the singlet excited state (S1) to the triplet 
excited state (T1). For Ir77 the value of probability of intersystem crossing is not 
available, for Ir65 and Ir(ppy)3 the intersystem crossing probability is 95% and 97%, 
correspondingly. 108F109 The magnetoresistance results for Ir65 and Ir77 are shown in 520HFigure 
5.6.  Both of them show negative MC, which is consistent with the result from Ir(ppy)3. It 
indicates the dispersion effect is not a unique phenomenon only for Ir(ppy)3. Therefore, 
the dispersion effect induced MC should be linked to the common in the three system, the 
decreasing in intermolecular SOC. 

















Figure 5.6 MC from dispersion of Iridium complex in PMMA devices, a) 
Ir77:PMMA=1:2.5 b) Ir65:PMMA=1.5:2.5. 





























We should particularly note from the negative magnetocurrent that the triplet-charge 
reaction is a dominant channel in the generation of density-based MC in the 
Ir(ppy)3:PMMA system. On contrast, the positive magnetocurrent indicates that the 
dissociation is a main channel in the generation of density-based MC in the Ir(ppy)3:PS 
system. Clearly, the PMMA and PS matrices lead to negative and positive MC, 
respectively, for the phosphorescent Ir(ppy)3 molecules. We know that the PMMA and 
PS have different dielectric constants521H85 (εPMMA = 3.6, εPS = 2.5). Dielectric matrix can 
provide a background of electric field for both the dissociation in polaron-pair states and 
the charge reaction in excitonic states in the generation of density-based MC. Therefore, 
both dissociation and charge reaction channels can be affected by matrix dielectric 
constant. On one hand, increasing matrix dielectric constant can increase the dissociation 
rates for both singlet and triplet polaron pairs through Onsager process.109F 110  This 
minimizes the difference between singlet and triplet dissociation yields in polaron pairs. 
Therefore, increasing the matrix dielectric constant can then decrease the effects of 
intersystem crossing on the dissociation in polaron-pair states. As a consequence, the 
dissociation channel of generating positive MC becomes less important upon increasing 
matrix dielectric constant. On the other hand, the excitonic states are essentially metal-to-
ligand charge-transfer states in the Ir(ppy)3 molecules110F111-111F112F113F114. The charge-transfer states 
are more sensitive to surrounding electric field due to their stronger ionic wavefunctions 
as compared to Frenkel excitons. Therefore, increasing the matrix dielectric constant can 
enlarge the wavefunction of a charge-transfer state through electrical polarization. This 
can increase the Coulomb interaction between an excitonic state and a charge in the 
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generation of triplet-charge reaction. As a result, the triplet-charge reaction channel of 
generating negative MC becomes more important upon increasing the matrix dielectric 
constant. It can be clearly seen in 522HFigure 5.2 that the PMMA with higher dielectric 
constant and the PS with lower dielectric constant can generate negative and positive MC 
by enhancing the triplet-charge reaction and dissociation, respectively, in phosphorescent 
Ir(ppy)3 molecules when the inter-molecular SOC is weakened through molecular 
dispersion. 
 
We also studied the concentration effect on MC for the system Ir77 dispersed in PMMA. 
523HFigure 5.7 showed how the MC changed with Ir77 concentration. The magnitude of MC 
first showed an increasing trend then went down to zero when the Ir77 concentration was 
high. This was due to the combination of two effects. One is the concentration effect on 
polaron pair density; the other was the intermolecular SOC effect. The increasing part 
was due to the polaron pair state density. At first the Ir77 concentration was low, the 
density of intermolecular states was also low due to lots of PMMA chain fully separated 
the Ir77 molecules. When the Ir77 concentration was increasing in the film, the 
intermolecular states also increased and the MC showed an increasing trend. But when 
the concentration of Ir77 was high, the intermolecular SOC effect would dominate the 
process. When more Ir77 was added, the intermolecular SOC was stronger. Then the 
external magnetic field was difficult to complete with the intermolecular SOC. When the 
Ir77 concentration was high, a decreasing trend would appear. And at last for pure Ir77 
film no MC was observed. This decreasing trend starting from 60% Ir77 is consistent 
85 
 
with the intermolecular SOC mechanism. This result is consistent with the expectation 
from intermolecular spin-orbital coupling theory. It further supports that intermolecular 





Figure 5.7 a) MC of ITO/ Ir77+PMMA/Al, Ir77:PMMA=x:2.5, b) MC of 
ITO/Ir77+PMMA/Al at different Ir77 concentration. 































It should also be noted that in all Iridium complex dispersed system, considerable MC 
could be observed, and meanwhile, no clear trace of MFEEL could be observed. The 
possible mechanism is the efficient ISC due to strong SOC readjust the S/T ratio in 
intramolecular excited state (excitonic state). After forming intermolecular excited state, 
the electron and hole became closer to be in one molecule, which was in excitonic state, 
the intramolecular SOC strength (SOCintra) was strong due to no PMMA chain was in the 
between to weaken the SOC and the distance between electron and hole was small. As a 
result, the external magnetic field could not change the intersystem crossing between 
singlet and triplet excitons. And due to very strong intramolecular SOC in Ir(ppy)3 
molecules the triplet excitons had almost 100% ratio114F115, which meant there were almost 
no singlet excitons but only triplet excitons. No matter how the external magnetic field 
changed the ratio between singlet and triplet polarons, when they got closer to form the 
excitonic states, we would always have almost 100% triplet excitons. This process looked 
like a cycle as shown in 524HFigure 5.8. At intermolecular excited states, the intercrossing rate 
constant kinter is not large; the external magnetic field changes the singlet/triplet ratio at 
intermolecular excited states. But because of the almost 100% intersystem crossing rate 
constant kintra at intramolecular excited state, all excitons change into triplet states. In this 
way, the density of triplet excitons was locked. It would not change with external 




Figure 5.8 The spin orbital coupling effect on intersystem in intermolecular and 




The strong SOC from heavy-metal complex structures forms a difficulty to generate 
magnetic field effects in phosphorescent organic semiconductors. We find that dispersing 
phosphorescent Ir(ppy)3 molecules into an inert polymer matrix can generate positive and 
negative MC. This experimental observation suggests that inter-molecular SOC is a key 
parameter to generate magnetic field effects in phosphorescent organic semiconductors. 
In essence, the strength of inter-molecular SOC determines the amplitude of magnetic 
field effects in phosphorescent organic semiconductors. The EPR studies confirm that 









dispersing Ir(ppy)3 molecules into an inert polymer matrix can largely change strength of 
inter-molecular SOC. As a consequence, positive and negative MC can be observed for 
phosphorescent organic semiconductors in lower and higher dielectric matrices, 
respectively, when inter-molecular SOC is weakened based on molecular dispersion. 
Clearly, our experimental studies indicate that changing inter-molecular SOC forms an 
effective mechanism to tune magnetic field effects in heavy-metal complex molecules. 
Furthermore, changing matrix dielectric constant can switch the density-based MC 
between dissociation and charge reaction channels, tuning MC between positive and 
negative values in phosphorescent organic semiconductors. The difference between the 
MC and MFEEL suggests the spin orbital coupling is important not only in intermolecular 





INTERFACE INDUCED NEGATIVE PHOSPHORESCENCE 
MAGNETIC FIELD EFFECT IN ORGANIC DOUBLE LAYER 




Organic semiconductors exhibit magnetic responses on electroluminescence, 
photocurrent, photoluminescence and electrical current under low magnetic field. These 
responses are due to the spin dependent processes of intermolecular electron-hole pairs in 
organic semiconductors, which require spin momentum conservation. Because the 
intermolecular electron-hole pairs are loosely bonded, with relatively longer separation 
distance compared to intramolecular electron-hole pairs, the exchange energy between 
singlet and triplet states is small. The external magnetic field will compete with the 
internal magnetic interaction, such as hyperfine interaction and spin-orbital coupling, to 
affect the spin dependent processes in intermolecular electron-hole pairs to generate 
magnetic responses in organic semiconductors. Investigators have observed considerable 
magnetic response after adjusting the spin-orbital coupling strength through modifying 
the intermolecular spin-orbital coupling interaction in strong spin-orbital coupling 
materials. But the magnetic response on electroluminescence has not been observed. And 
by using the insulating layer, a positive interface induced magnetic response on 
electrophosphorescence has been found. In our system, the interfacial induced magnetic 
response on electrophosphorescence is negative; different from the one has been found. 
The different sign might suggest the different mechanism behind. And the system 
containing both electrofluorescence and electrophosphorescence with the insulating layer 




It has been experimentally found that organic semiconductors can show magnetic 
responses in the electroluminescence,525H17-526H527H528H529H530H531H23 electric current,532H18,533H24-534H535H536H537H538H539H540H541H542H543H544H43,545H65 photocurrent 546H44-547H548H549H550H551H552H50 and 
photoluminescence553H46,554H51-555H556H557H558H559H56 to externally applied low magnetic field (< 100 mT). These 
responses have been called magnetic field effects (MFEs). In general, the MFEs can be 
attributed to internal spin dependent processes of intermolecular electron-hole pairs in 
organic semiconductors. The intermolecular electron-hole pairs are loosely bonded, with 
relatively longer distance compared to intramolecular electron-hole pairs. 560H80 The relative 
long separation distance will lead to small exchange energy between singlet and triplet 
states. This makes the magnetic interaction possible to affect the spin-dependent process 
in intermolecular electron-hole pairs. When an external magnetic field is comparable to 
internal magnetic interaction, it can essentially affect the spin-dependent processes of 
intermolecular electron-hole pairs and change the singlet/triplet ratio of intermolecular 
electron-hole pairs. Due to the different dissociation and recombination properties of 
singlet and triplet electron-hole pairs, it consequently generates MFEs in 
electroluminescence, photoluminescence, photocurrent, electrical current. However, 
strong internal magnetic interaction can lead to negligible MFEs 561H26,562H62,563H63. As a result, the 
internal magnetic interaction plays a critical role in the generation of MFEs in organic 
semiconductors. It is noted that organic semiconductors can be divided into singlet and 
triplet semiconducting materials with weak and strong internal magnetic interaction, 
respectively. It is known that the internal magnetic interaction arises from hyperfine 
interaction or spin-orbital coupling. In singlet organic semiconducting materials the 
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hyperfine interaction is mainly accountable for internal magnetic interaction due to the 
absence of spin-orbital coupling based on low atomic numbers. However, in the triplet 
semiconducting materials the spin-orbital coupling can dominate the internal magnetic 
interaction. Recently, it has been found that by adjusting the intermolecular SOC strength 
the triplet semiconductor could show considerable magnetic response on electrical 
current without magnetic response on electroluminescence.(Chapter 5)115F116 And by using 
the insulating layer, a positive interface induced magnetic response on 
electroluminescence has been found. 116F117 In this work, we also apply an insulating layer 
but with a different triplet semiconductor. While a negative magnetic response in 
electroluminescence has been observed. It indicates a different magnetic dependent 
process was involved. And we further change the triplet material into a copolymer with 
both singlet and triplet emission to perform the experimental studies of insulating layer 
effect on magnetic field effect on both electrofluorescence and electrophosphorescence. 
We found the MFE of both the fluorescence and phosphorescence move towards negative 





The iridium heavy-metal complex molecules: bis(2-(9,9-dibutylfluorenyl)-1-isoquinoline 
(acetylacetonate) (Ir77), Iridium (III) bis(2-(2’-benzo-thienyl)pyridinatoN,C3’)(acetyl-
acetonate) (Ir67) were purchased from America Dye Source Inc, and used as triplet 
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organic semiconducting material. The copolymer polyfluorene-co-bis(4-
phenylbenzothiazole) monomeric acetylacetonate (P2) with both singlet and triplet 
emission was obtained from Prof. Hsu’s Group117F118. The chemical structures of Ir67, Ir77 
and P2 are shown in 564HFigure 6.1. The poly(methyl methacrylate) (PMMA) was used as 
polymer matrix. The poly(vinyl alcohol) (PVA) was used as the insulating layer by spin-
cast from the aqueous solution. The Ir77 molecules with PMMA composite and polymer 
P2 films were spin-cast from chloroform solutions in organic light-emitting devices. The 
organic light-emitting devices were fabricated with indium tin oxide (ITO) and aluminum 
(Al) electrodes. The Al electrode was thermally evaporated under the vacuum of 2×10−6 
Torr. MFE was measured at constant current density 20mA/cm2. The magnetic response 
amplitude was given by the relative change in signal intensity caused by applied 




IIB − , where IB and I0 are the signal intensity 
with and without an applied magnetic field.  
 

































6.4 Result and Discussion 
 
565HFigure 6.2 presents the MFE of device with and without PVA layer for different Ir 
complex Ir67 and Ir77. It is clear that the PVA layer will lead to a negative MFE for Ir77. 
In the former study from our group, another red Ir complex Ir67 blended in PMMA with 
PVA insulating layer, a clear positive MFE has been observed.566H117 The possible 
mechanism was due to the carrier accumulated at the Ir composite/PVA interface and the 
short distance spin-spin interaction of charge carriers. No matter the spin-spin interaction 
is between electron-hole pairs or same polarity charge carriers, the result of the interrupt 
from external magnetic field is to increase the triplet ratio and decrease the singlet ratio. 
In this way the triplet emission should show a positive MFE as we observed in Ir67 and 
PMMA composite/PVA double layer device. But in Ir77 and PMMA composite/PVA 
double layer device, the MFE is the opposite sign, which indicates the different magnetic 
dependent process involved in the Ir77 based device. It should also be noticed that 
without PVA insulating layer both Ir67 and Ir77 based single layer devices did not 
present any MFE. This indicates the MFE come from the interface effect. 
 
To determine which process is the dominate process; we make three major change to 
study this issue. First, we change the PVA layer position to change the charge 
accumulation. Second, we change the Ir77 concentration to adjust the intermolecular 
SOC strength. 567H116 Third, we change the triplet material Ir77 to a polymer P2 with both 
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Figure 6.2 MFE of ITO/ Ir77+PMMA/PVA (5nm)/Al, Ir77:PMMA=4:2.5 and 
ITO/Ir67+PMMA/PVA (5nm)/Al, Ir67:PMMA=4:2.5. 
 
As shown in 568HFigure 6.3a, after changing the position of PVA layer from cathode Al side 
to anode ITO side, the MFE from Ir77 did not change the sign but the amplitude was 
reduced. And From 569HFigure 6.3b the C-V measurement also indicates there is significant 
charge accumulation in the device with PVA insulating layer. In the single layer 
Ir77+PMMA composite device, the capacitance of device almost remains constant at low 
voltage, followed by a sharp drop at relative high voltage. The sharp drop of the 
capacitance is due to the recombination of injected electrons and holes, which 





















consequently reduces the amount of charge carriers stored in the device. On the order 
hand, the capacitance of the device with PVA insulating layer also remains constant at 
low voltage range, but increases with the applied voltage and show a peak at median 
voltage range, and decreases dramatically at high voltage range. The increase and the 
peak of the capacitance provide a clear evidence for the presence of interfacial charge at 
the IR77+PMMA/PVA interface. When PVA layer is at the Al side the MFE amplitude is 
larger than the MFE when PVA layer is at ITO side. Because the hole mobility in Ir77 is 
about 2x10-2 cm2 V-1 s-1 and the electron mobility in Ir77 is about 3x10-7 cm2 V-1 s-1 [ 118F119], 
the hole will accumulate a lot at PVA/composite interface when PVA layer is at Al side. 
If the PVA layer is at ITO side the accumulation of holes is less. Therefore, the amplitude 
might be related to hole accumulation. 
 
Figure 6.3 a) MFE of ITO/Ir77+PMMA/Al, ITO/PVA/Ir77+PMMA/Al and 
ITO/Ir77+PMMA/PVA/Al, Ir77:PMMA=4:2.5, b) C-V measurement for 
ITO/Ir77+PMMA/PVA/Al and ITO/Ir77+PMMA/Al, Ir77:PMMA=4:2.5. 
 




























We also change the concentration of Ir77 to adjust the intermolecular SOC in the Ir77 
composite layer. In general, the MFE is a spin-dependent process. The competition of 
internal magnetic interaction, such as hyperfine interaction and spin-orbital coupling, and 
external magnetic field always exists. If the internal magnetic interaction is strong the 
external magnetic field could not change the spin-dependent process much. Therefore, no 
clear MFE could be observed in pure heavy metal complex film. But after dispersion into 
inert polymer matrix whose SOC strength is weak, the intermolecular SOC strength is 
weakened. As shown in 570HFigure 6.4, no matter the PVA layer is at cathode side (Al) or at 
anode side (ITO), when the intermolecular SOC is weakened by reduce the concentration 
of Ir77, the amplitude of MFE becomes larger. It implies the intermolecular SOC is also 
associated to the MFE mechanism, which means the dominated process should be a spin-
dependent process. It should be noted that even for pure Ir77/PVA device the negative 
MFE could be observed. This indicates the insulating layer PVA could also weaken the 
intermolecular SOC at the interface of Ir77/PVA. At the interface the surrounding 






Figure 6.4 a) MFE of ITO/PVA (5nm)/Ir77+PMMA/Al, Ir77:PMMA=x:2.5, b) MFE 
of ITO/Ir77+PMMA/PVA(5nm)/Al with different Ir77 concentration. 
 
To find out which spin-dependent process is dominated in the abnormal negative MFE, 
we change the triplet phosphorescent into a copolymer P2 with both fluorescence and 
phosphorescence emission. The copolymer shows the fluorescence at 422 nm and 
phosphorescence at 593 nm, shown in 571HFigure 6.5a. 572HFigure 6.5b and 573HFigure 6.5c present 
the MFE change without PVA layer and with PVA layer at cathode side (Al). The MFE 
of phosphorescence (574HFigure 6.5b)) is similar to Ir77 composite situation. Without PVA 
layer it presents negligible MFE, but with PVA layer negative MFE was observed. The 
fluorescence did show positive MFE without PVA layer, which has been widely observed 
in organic light emitting devices. While after adding the PVA insulating layer, the 
fluorescence and phosphorescence follow the same trend, coming towards the negative 
sign region. Therefore, it is reasonable to account the interface induced negative MFE 
from fluorescence and phosphorescence to the same mechanism. 
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At last we discuss the possible mechanism for the interface induced negative MFE of 
phosphorescence based on above experiment results. We already know the dominated 
process for this negative MFE is a spin-dependent and charge accumulation related 
process. And it also can be affect both singlet and triplet emission. In general, the MFE 
has three types of mechanisms. 
 
First, the intersystem crossing based mechanism, the ratio singlet and triplet 
intermolecular electron-hole pairs would be affected by external magnetic field through 
Zeeman splitting and they would further affect the singlet and triplet ratio in excitonic 
states. But this kind of mechanism will usually lead to opposite change to singlet and 
triplet ratio unless the energy transfer from singlet to triplet exists. If the singlet ratio 
increases, the triplet ratio would decrease. And in the P2 copolymer the energy transfer 
effect could be ignored. Because P2 single layer device the phosphorescence shows 
ignorable MFE and fluorescence did show clear trace of MFE, the energy transfer from 
singlet state did not transfer MFE from singlet to triplet. The possibility is that most of 
electrophosphorescence is from the trapping charge in the Iridium unit but not from the 
energy transfer from fluorescent unit. Therefore, the energy transfer did not affect MFE 
in double layer device because the inert PVA layer should not affect the energy transfer 
in P2 layer. As a result, the intersystem crossing based mechanism should lead to 
opposite change in singlet and triplet emission. We could rule it out according to our 




Second, the exciton-charge reaction mechanism, especially the triplet exciton could 
reaction with charge carriers due to its long life time compare with singlet exciton. The 
triplet-charge reaction rate constant will decrease with increasing the magnetic field.  
This will lead to more triplet exciton left from the reaction, which would directly cause 
positive phosphorescence MFE and secondarily cause negative fluorescence MFE 
through exciton generation process. But our phosphorescence result for both Ir77 and P2 
are negative. Therefore, this mechanism could also be ruled out. 
 
Third, the spin-spin interaction mechanism (bipolaron mechanism), the spin-spin 
interaction between polarons was interrupted by external magnetic field causing the ratio 
of singlet configuration decreasing and the triplet configuration increasing. If the 
polarons are the opposite polarity, it is the short distance intermolecular excited states. 
Because the singlet and triplet will follow the opposite trend, it would be ruled out. If the 
polarons are the same polarity, it is the bipolaron, whose singlet bipolaron mobility is 
higher than triplet bipolarons. In this way the positive MC could be observed. In our 
devices the charge accumulation at the PVA interface is significant; the bipolarons is 
highly possible generated at the PVA interface. But our MFE is measured at constant 
current model. Therefore, the mobility decreasing would lead to the carrier density 
increasing, which would cause the positive MFE for both fluorescence and 
phosphorescence119F120. As a result, the spin-spin interaction mechanism also fails to explain 




From the above discussion, the three main mechanisms for magnetic field response in 
organic semiconductors could not be applied. Here we suppose the possible mechanism 
based on the formation of trion, charged exciton or excited polaron. Recently, the trion, 
three-polaron complex with two polarons for same polarity and one other polarity 
polaron, has been observed in PPV-based conjugated polymer.120F121 And the trion could be 
formed by exciton-charge collision and bipolaron-charge collision. The trion can also 
generate phonons and contribute to the electroluminescence.121F122 The trion also has singlet 
and triplet spin configuration, which are defined from the two polaron with same polarity. 
If they have anti-parallel spin, the trion is singlet, if they have parallel spin, the trion is 
triplet. In our devices, due to the insulating layer lots of positive polarons (holes) are 
accumulated at the insulating interface. They are very likely to form bipolarons and the 
negative polarons are tunneled from the other side of the insulating layer. As a result, 
they are pretty possible to collision and form the trions, which can also contribute to 
electroluminescence. The formation of trions might be spin-dependent process. The 
singlet and triplet trions have different formation rate. The singlet trions formation rate 
might be larger than triplet trions, due to the lack of spin-spin interaction between singlet 
bipolaron and the other opposite polarity polaron. After applying magnetic field, the 
formation of singlet trions was suppressed, this has been observed in quantum well.122F123 
The triplet trion formation, which is like the triplet exciton charge reaction will also be 
reduced by magnetic field. As a result, the total number of trion was reduced. This would 






We have observed the interface induced negative MFE in electrophosphorescence only 
and electrofluorescence and electrophosphorescence coexisting system with the 
insulating layer. The mechanisms based on intersystem crossing, triplet-charge reaction 
and the spin-spin interaction failed to explain the phenomena in our device. The possible 
bipolaron based trion formation mechanism was proposed. It shows that new mechanism 










Organic radical ion pairs can show both singlet and triplet spin configuration. The 
external magnetic field can change the singlet/triplet ratio and generate magnetic field 
effects on photoluminescence, electroluminescence, photocurrent and electric current. 
The singlet and triplet spin configuration of radical ion pair have different electrical 
dipole moment. The magnetic field effect on capacitance (magneto-capacitance) would 
also be expected. We studied the magneto-capacitance on radical ion pair system. And by 
adjusting the spin-orbital coupling strength and separation distance of radical ion pairs, 
the aptitude and sign of magneto-capacitance can be tuned. 
 
7.2 Introduction 
It has been found that in organic semiconductors there are several magnetic field effects 
on electroluminescence575H17-576H577H578H579H580H581H23, electrical current582H18,583H24-584H585H586H587H588H589H590H591H592H593H594H43,595H65, photocurrent596H44-597H598H599H600H601H602H50 and 
photoluminescence603H46,604H51-605H606H607H608H609H56. These phenomena were related to the electron-hole pairs 
(excited states)610H65 formed in organic materials, which could also be thought as the radical 
ion pairs. The radical ion pairs have both singlet and triplet states with different spin 
precessions for the two radicals. When applying magnetic field, it needs to compete with 
the internal magnetic interaction, such as spin-orbital coupling and hyperfine interaction, 
to affect the spin dependent processes in radical ion pairs. It is noted that spin-dependent 
processes must require spin momentum conservation. The spin-momentum conservation 
can be satisfied by internal magnetic interaction. When an external magnetic field is 
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comparable to internal magnetic interaction, the spin-momentum conservation can be 
affected by magnetic field through Zeeman splitting and spin flip by magnetic scattering. 
As a result, the magnetic field can essentially affect the spin-dependent processes of 
radical ion pairs and change the singlet/triplet ratio of radical ion pairs. Because the 
singlet and triplet states have different contribution to emission and transport properties 
through excited state dissociation611H80,612H81 and excited state charge reaction processes,613H75,614H76 
different magnetic responses could be found. The singlet and triplet radical ion pairs 
would also have different electric dipole moment123F 124. Therefore the change in device 
capacitance would also been expected. Here we present the magnetic generated 
capacitance change for some radical ion pair systems. 
 
It has been found that the separation distance of radical ion pairs played an important role 
in determining the magnetic field effects. The distance between radical ion pairs can 
affect the magnetic field effect by disturbing spin precession and changing exchange 
energy. The distance effect leads to the difference in MFEs of intermolecular radical ion 
pairs (relative long distance) and intramolecular radical ion pairs (relative short distance). 
At relative long distance, the dominated process is the change of exchange energy. While 
at relative short distance, the dominated process is the relative strong spin-spin 
interaction, which could change the sign of exchange energy. In this work, we study the 
magneto-capacitance effect on both intermolecular radical ion pair system and 





N,N'-Bis(3-methylphenyl)-N,N'-diphenylbenzidine (TPD), 2,5-Bis(5-tert-butyl- 
benzoxazol-2-yl) thiophene (BBOT), poly(methyl methacrylate) (PMMA), emeraldine 
base polyanline (PANi), 7,7,8,8-Tetracyanoquinodimethane (TCNQ) and 1,2,4,5-
Tetrachloro-3-nitrobenzene (TCNB) were purchased from Aldrich, Iridium (III) bis(2-
(4,6- difluorephenyl)pyridinato-N,C2) (Ir65) was purchased from American Dye Source, 
Inc. Tetracyanoquinodimethane grafted poyaniline (PANiCNQ) was synthesized as in 
reference124F 125  and freshly used. The PMMA composite film was spin-casted from 
chloroform solution of PMMA and corresponded materials. The PANiCNQ film was 
casted by dropping the N-Methyl-2-pyrrolidone (NMP) solution of PANiCNQ on pre-
cleaned substrate, followed by solvent evaporation at 70  in vacuum o℃ ven. The 
capacitance was measured by Agilent E4980A LCR meter at 0V DC bias and 50mV AC 






C B −=Δ , the CB and C0 is the 
capacitance with and without magnetic field, correspondingly. The light source was white 
light with standard sun light spectrum. 
 
7.4 Results and Discussion 
 
PANiCNQ is a polymer with intramolecular charge transfer state. We choose the 
PANiCNQ as intramolecular radical ion pair system to study magnetocurrent, whose 
structure is shown in 615HFigure 7.1. And the absorption spectrum (616HFigure 7.1a) is similar to 
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reported result617H125, the peak at about 492 nm indicates the chemical reaction between 
PANi and TCNQ, the double peaks at about 620-650nm indicates the intramolecular 
charge transfer.618H125  
 
Figure 7.1 Normalized absorption spectrum of PANiCNQ in NMP and the chemical 
structure of PANiCNQ. 
 
The magneto-capacitance of PANiCNQ was shown in 619HFigure 7.2. It should be noted that 




































was observed. Therefore, the magneto-capacitance should come from the change of 
singlet/triplet ratio in radical pair within the repeating unit under magnetic field. The 
magneto-capacitance is negative, and the absolute value of the magneto-capacitance 
decreases with increasing the operation frequency. It should also be noted that with 
increasing the frequency the amplitude of MC is getting smaller. This is due to that the 
relaxation of electric dipoles from photo-generated radical ion pairs gradually delayed to 
response the AC electric field under high operation frequency.  
 
Figure 7.2 Magneto-capacitance on ITO/PANiCNQ/Al at different frenquency. 
 
The negative sign of the MC might be caused by the exchange energy change. From the 
chemical structure the separation distance of the radical pairs is roughly about 3~4 C-C 
bonds. We can assume the length of C-C bond is 0.15 nm, and then the separation 
distance is about 0.45~0.6 nm. If we consider the bond angle, then the separation distance 
between radicals can be assumed to be around 0.5 nm. But the separation distance for 

















exciplex, which are contact intermolecular ion pair, usually is about 0.65~0.75 nm.125F126 
The small separation distance would have a large influence on exchange energy. With 
large separation distance, the exchange energy is very small, almost zero. While with 
small separation distance the sign of exchange energy might be negative, as shown in 
621HFigure 7.3. The negative exchange energy has been established in the system of small 
thickness quantum wall126F 127 and the theoretical calculation indicates the small distance 
radical ion pair in organic materials would have negative exchange energy.127F 128  The 
negative exchange energy would lead to the magnetic dependent intersystem crossing 
process is opposite to the intersystem crossing in the intermolecular radical ion pairs with 
positive or zero exchange energy. As shown in 622HFigure 7.3, in the intramolecular radical 
ion pairs, the triplet state splitting would lead to increase the triplet ratio and decrease the 
singlet ratio. Singlet radical ion pair would have larger electric dipole moment than triplet 
radical ion pair due to that the singlet has more ionic nature in wave function and triplet 
is more localized.623H124 Therefore, the MC becomes negative. This is well supported by our 




Figure 7.3 Energy levels of singlet and triplet radical ion pair under magnetic field. 
a) for intramolecular radical ion pair, b) for intermolecular radical ion pair. 
 
Exciplex systems were considered as intermolecular contact radical ion pairs under light 
illumination. We choose two exciplex systems as the intermolecular radical ion pair 
system. We look at both singlet and triplet dominated systems. The singlet system is 
BBOT:TPD, whose chemical structure is shown in 625HFigure 7.4. It has been found that 
BBOT:TPD  can show singlet exciplex emission128F129. As shown in 626HFigure 7.5a, only under 
photo-excitation the device could present positive magneto-capacitance, consist with the 
exchange energy in large distance radical pair (intermolecular) shown in 627HFigure 7.3. 
Under photo-excitation the radical ion pair was formed. And the magnetic field would 
increase the singlet ratio and decrease the triplet ratio through affecting the intersystem 
crossing. Singlet radical ion pair would have larger electric dipole moment than triplet 
radical ion pair due to that the singlet has more ionic nature in wave function and triplet 
Intramolecular radical ion pair
EST<0
EST~0







is more localized.628H124 Therefore, the magnetic field will cause the positive magneto-
capacitance. However, it should be noted that the magneto-capacitance under light 
illumination has another possible mechanism, magnetic field effect on photocurrent 
(MFP). The magnetic field change the singlet/triplet ratio at radical ion pair state, the 
singlet radical ion pair is easier to dissociate than triplet radical ion pair. Therefore, the 
number of photo-generated charge carriers will increase under magnetic field. It will 
cause the increase in capacitance. Anyway, the change in capacitance is caused by the 
intersystem crossing process. 
 
 













Figure 7.5 a) Magneto-capacitance of ITO/TPD:BBOT:PMMA=4:4:10/Al, b) Photo-
induce capacitance change at different frequency of ITO/TPD:BBOT: 
PMMA=4:4:10/Al. 
 






















































It should also be noted that with increasing the frequency the amplitude of MC is getting 
smaller. This is due to that the relaxation of electric dipoles from photo-generated radical 
ion pairs gradually delayed to response the AC electric field under high operation 
frequency. As shown in the 629HFigure 7.5b, the capacitance under photo-excitation becomes 
close to the dark capacitance with increasing the operation frequency and the photo-
induced capacitance change from photo-generated radical ion pairs becomes smaller. 
Therefore, the MC, which comes from singlet/triplet dipole change of the photo-
generated radical ion pairs, is also getting smaller at high frequency. As a result, 
adjusting the radical separation can change the spin exchange energy and further tune the 
sign of magneto-capacitance. 
 
The triplet system is Ir65:TCNB, whose chemical structure is shown in 630HFigure 7.6. They 
can give triplet exciplex emission (PL spectrum is shown in Chapter 3, 631HFigure 3.9), 
indicating strong spin-orbital coupling. The lifetime is about 0.4us. Our photo-induced 
EPR measurement (as shown in 632HFigure 7.7b) also confirmed the intermolecular electron 
transfer states (radical ion pairs) under photo-excitation. But no clear MC was observed 
at all operation frequencies as shown in 633HFigure 7.7a, which is different from the 
BBOT:TPD system. If we compare the singlet and triplet system, the SOC plays 
important role in MC response.  
 
The singlet/triplet ratio change with magnetic field which should compete with the 
internal magnetic interactions, such as hyperfine interaction and SOC. In organic 
116 
 
materials the hyperfine interaction is not very strong, only several mT of external 
magnetic field could compete with it. But if the organic materials contain heavy metal, 
the SOC strength would be strong. The external magnetic field is difficult to compete 
with the SOC. As a result, the magneto-capacitance disappears. This indicates the trace of 
magneto-capacitance is originated from the intersystem crossing process at radical ion 
pair. 
 




















Figure 7.7 a) Magneto-capacitance of ITO/TPD:BBOT:PMMA=4:4:10/Al, b) Photo-
induce capacitance change at different frequency of ITO/TPD:BBOT:PMMA= 
4:4:10/Al. 





























We studied magneto-capacitance on both intermolecular and intramolecular radical ion 
pair based system. The magneto-capacitance is generated by the magnetic induced 
change of ratio of singlet/triplet radical ion pairs. The separation distance of the radical 
ion pair would change the sign of magneto-capacitance. These results indicate a new 







THE COMPARATION OF MAGNETOCURRENT BETWEEN 





Organic semiconductors exhibit magnetic responses on electrical current 
(magnetocurrent) under low magnetic field. This response can be found in both 
nonmagnetic and magnetic organic semiconductors. In non-magnetic organic 
semiconductors, it is due to the spin dependent intersystem crossing processes of 
intermolecular electron-hole pairs or bipolarons in organic semiconductors. Then the 
magnetocurrent would be generated by different dissociation or transport properties of 
the singlet and triplet states in electron-hole pairs or bipolarons. In magnetic organic 
semiconductors, it is caused by the alignment of magnetic dipole. Then magnetocurrent 
would be generated from the changing of charge scattering in transport. We compared 
magnetocurrent in magnetic and non-magnetic mechanism in modified C60 molecules. 
Modified FexO containing donor-acceptor type C60 molecules can show larger 





The phenomena of magnetocurrent have been observed in lots of organic semiconductors. 
The organic semiconductors can be magnetic129F130-130F131F132F133 or nonmagnetic634H18,635H24-636H637H638H639H640H641H642H643H644H645H646H43 with different 
mechanisms. There are several mechanisms for magnetocurrent in nonmagnetic organic 
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semiconductors based on electron-hole pairs647H18,648H19,649H28,650H38,651H39,652H63,653H65 or bipolarons654H26,655H29,656H34,657H37,658H40,659H42,660H43.  
The external magnetic field can change the spin dependent intersystem crossing 
processes of intermolecular electron-hole pairs or bipolarons in organic semiconductors. 
Then the magnetocurrent would be generated by different dissociation and transport 
properties of the singlet and triplet states in electron-hole pairs or bipolarons. The internal 
magnetic interactions, such as hyperfine interaction and spin-orbital coupling, are 
required for spin momentum conservation in nonmagnetic organic semiconductors. In 
magnetic organic semiconductors, there is another internal magnetic interaction 
mechanism, the alignment of local magnetic dipole. The local magnetic dipoles from d 
orbit of the magnetic center, such as Fe, Co atoms, will interact with the conducting π 
electron through magnetic dipole-dipole interaction. 133F134 After applying external magnetic 
field, the local magnetic dipole moment will be aligned.  Then magnetocurrent would be 
generated from the change in magnetic dipole-dipole interaction to affect the conducting 
charge scattering in transport. The different mechanisms in non-magnetic and magnetic 
organic semiconductors will lead to different magnetocurrent shape. In this paper, we 
studied magnetocurrent in modified C60 containing FeOx as magnetic organic 
semiconductor and Fe-free modified C60 as nonmagnetic organic semiconductor. We 
found the different magnetocurrent vs. magnetic field curve based on these two materials, 








The modified C60 was provided by Prof. Long Chiang’s Group from University of 
Massachusetts. The poly(methyl methacrylate) (PMMA) was purchased from Sigma-
Aldrich and used as received. The modified C60 was mixed with PMMA with certain 
weight ratio, and then dissolved in chloroform. The thin film of the composite of 
modified C60 and PMMA was spin cast by the above solution on pre-cleaned ITO glass. 
Then the metal Aluminum was thermally evaporated on top of the thin film under the 
vacuum of 2x10-6 torr. The final device was put in the gap between the electromagnet to 







IIMC B , where IB and I0 are the electric current with and without 
magnetic field. The magnetic hysteresis measurement and temperature dependent 
magnetization measurement are taken by Prof. Arthur Epstein’s Group at The Ohio State 
University.  
 
8.4 Result and Discussion 
 
The chemical structures of magnetic Fe-containing and non-magnetic Fe-free modified 
C60 are shown in 661HFigure 8.1. The magnetic FeOx-containing modicfied C60, C60(>DPAF-
C9)-FeOx(1/1,w/w), has additional FeOx unit based on Fe-free nonmagnetic C60, C60 
(>DPAF-C9). The hysteresis loop curves for C60(>DPAF-C9)-FeOx(1/1,w/w) at 90K and 
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300K are shown in 662HFigure 8.2. They clear indicate the C60(>DPAF-C9)-FeOx(1/1,w/w) is 
magnetic at 90K and 300K. Magnetization saturates with a value of 5.1 µB per formula 
unit. Theoretically expected saturation value for Fe(III) with spin S = 5/2 is 5.0 µB. For 
Fe(II) with spin S = 3 is 6.0 µB. Experimental value is close to the average value of these 
two Fe ions. Coercive field measured at 300 K is less than 10 Oe, which is most likely 



























663HFigure 8.3 shows the magnetocurrent of the Fe-free and Fe-containing modified C60 in 
PMMA matrix at 77K. The magnetocurrent is in the common shape as the non-magnetic 
organic semiconductors. It should be noted that no clear magnetocurrent was observed in 
the unmodified C60 due to the lack of hyperfine interaction from hydrogen atom in 
previous report.664H57 After the modification the donor group adds the hydrogen atom to 
provide significant hyperfine interaction. Therefore, considerable magnetocurrent would 
be expected.  
 
 
Figure 8.2 a) M vs H hysteresis loop recorded at 90K and 300K, b) Enlarged M vs H 
hysteresis loop recorded at 90K and 300K. 
 
The interesting phenomenon in 665HFigure 8.3 is that the magnetocurrent of Fe-containing 
modified C60 in PMMA matrix shows much larger amplitude.  At 77K as 666HFigure 8.3, the 
MC curve is obviously different from the MC of Fe-free modified C60, an inflection point 
exhibiting at low field range. It is due to combination of the alignment of magnetic dipole 
and spin-dependent intersystem crossing. At low field the local magnetic dipole from d 





































orbital of Fe atom will not be completely aligned, thus it shows the curve shape similar to 
intersystem crossing mechanism and the d-π magnetic dipole-dipole interaction is not 
dominated. After lots of local magnetic dipole aligned by external magnetic field, the 
conducting charge π electron will scatter differently in transport due to different magnetic 
dipole-dipole interaction compared to the situation without external magnetic field. In our 
case the scattering might be reduced in order to increase the mobility of the charges, 
which will generate a positive MC and also cause the inflection point.  
Figure 8.3 Magentocurrent of Fe-free and Fe-containing modified C60 device at 77K. 
 
But at room temperature as 667HFigure 8.4, the magnetocurrent is much smaller than the MC 
at 77K. And it should be noted that the shape of the magnetocurrent at 300K is different 
from the magnetocurrent at 77K, but very similar to the MC of Fe-free modified C60. If 



























we compare the MC curves of magnetic modified C60 at 77K and 300K, at first the MC 
curves are very close to each other due to the intersystem crossing mechanism. Then the 
different alignment effect at different temperature leads to the difference in curve shape.  
 
Figure 8.4 Magnetocurrent of device ITO/C60(>DPAF-C9)-FeOx(1/1,w/w):PMMA 
(2:4) /Al at different temperature. 
 
It can be supported by the magnetization with temperature as shown in 668HFigure 8.5. The 
magnetization is decreasing with temperature, indicating the exchange interaction 
between magnetic dipole moment disturbed by the thermal energy. At low temperature 










































the exchange interaction between magnetic dipole is relative strong, we can clearly see 
the alignment effect magnetocurrent. While at room temperature the exchange interaction 
is relative weak compared with thermal energy, the magnetocurrent is showing the curve 
similar to non-mangetic Fe-free modified C60 device.  
 
 
Figure 8.5 Variation of zero field cooled (ZFC) and field cooled (FC) magnetization 
with temperature measured at an applied magnetic field of 100 Oe. 
 
669HFigure 8.6 shows the normalized curve for both hysteresis and magnetocurrent. It should 
be also noted that the shape of normalized hysteresis curve at low temperature and the 
magnetocurrent curve at low temperature are quite different, which suggest the 
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mechanism in magnetocurrent is still the combination of the magnetic dipole scattering 
and intersystem crossing in polaron pair. 
 
Figure 8.6 Normalized curve for both hysteresis and magnetocurrent. 
 
8.5 Conclusion 
Both magnetic and non-magnetic modified C60 showed clear MC. But the shape of MC 
curves is different due to different mechanisms. The non-magnetic modified C60 shows 
similar MC curve to common non-magnetic organic semiconductors based on intersystem 
crossing mechanism. On the other hand, the MC curve of the magnetic modified C60 
shows an additional inflection point and larger magnitude compared with non-magnetic 
modified C60. The difference is caused by the combination of the intersystem crossing 













mechanism and the magnetic dipole-dipole interaction mechanism. Then the temperature 






Our experiment shows the magnetic field effects in organic semiconductors are 
originated from intermolecular excited states. The result suggests the external magnetic 
field not only shows Zeeman splitting effect but also can affect the spin momentum 
conservation when the external magnetic field is comparable to internal magnetic field.  
 
The separation distance at intermolecular excited states and spin-orbital coupling strength 
are found to be important for generating magnetic field effects in organic semiconductors. 
The long or short separation distance at intermolecular excited states can cause relative 
small or large exchange energy between singlet and triplet intermolecular excited states. 
When the exchange energy is larger, the splitting energy of magnetic field was too small 
to affect intersystem crossing process at intermolecular excited states and magnetic field 
effects could not be observed. Only when the exchange energy is small, the splitting 
energy of external magnetic field will lead to the change of the intersystem crossing 
process in intermolecular excited states and generate magnetic field effects. 
 
Spin orbital coupling is another internal magnetic interaction in additional to hyperfine 
interaction, which has been found important for weak spin orbital coupling materials. 
Usually strong spin orbital coupling materials will not show magnetic field effects. It 
suggests the hyperfine interaction would not dominate the spin-dependent process in 
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magnetic field effects in strong spin orbital coupling materials. However, we found three 
ways to obtain magnetic field effects in strong spin orbital coupling materials.   
 
First, by using Forster energy transfer effect, we could transfer magnetic field effects 
from weak spin orbital coupling host to strong spin orbital coupling guest. But the 
backwards Dexter energy transfer effect from strong spin orbital coupling guest to weak 
spin orbital coupling guest will suppress magnetic field effects in weak spin orbital 
coupling host. Therefore, the energy transfer effect can adjust the magnetic field effect in 
both directions. 
 
Second, by tuning the spin-orbital coupling strength through changing the separation 
distance, the magnetic field effects could be adjusted. Increasing the spin orbital coupling 
strength in weak spin orbital coupling strength materials can quench the magnetic field 
effects. Decreasing the spin orbital coupling strength in strong spin orbital coupling 
materials could obtain considerable magnetic field effects. But the sensitivity of the 
different magnetic field effects to strong spin orbital coupling strength is different 
according to the different processes to form the final product signals. Recombination 
process will be affected by spin orbital coupling for the second time at the excitonic or 
intramolecular excited states. While the dissociation process would not be affected by 
spin orbital coupling again. Therefore, the magnetic field effects on emission are more 




Third, by using semiconducting/insulating interface, where the spin orbital coupling 
strength is weaker than the bulk in strong spin orbital coupling materials, the spin orbital 
coupling strength could also be tuned. As a result the magnetic field effect could also be 
obtained. In addition to weak spin orbital coupling strength at the interface, the charge 
carriers are also accumulated at the interface. This leads to unexpected negative magnetic 
field effect on electrophosphorescence. By combining result from both singlet and triplet 
emission and intersystem crossing model, bipolaron model and triplet charge reaction 
model, a new mechanism based on trion, which can also contribute to 
electroluminescence, was proposed. The magnetic field will decrease both singlet and 
triplet trion formation rate, which will cause the emission from singlet and triplet reduced 
by magnetic field. 
 
A new magnetic response, magneto-capacitance (MCP), has been observed. Its 
mechanism is also supposed to follow the intersystem crossing model on radical ion pairs. 
The magneto-capacitance is generated by the magnetic induced change of ratio of 
singlet/triplet radical ion pairs and the different electric dipole moment between singlet 
and triplet radical ion pairs. The separation distance of the radical ion pair would change 
the sign of magneto-capacitance. The spin orbital coupling will also reduce the MCP.  
 
The internal magnetic interaction can be hyperfine interaction, spin orbital coupling and 
spin-spin interaction between electrons. The hyperfine interaction and spin orbital 
coupling are important in nonmagnetic organic semiconductors. But the electron spin-
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spin interaction is important in magnetic organic semiconductors. The magnetocurrent for 
magnetic and nonmagnetic organic semiconductors at different temperature has been 
compared. The thermal energy will play an important role to determine the dominated 
internal magnetic interaction. At low temperature the thermal energy is small; it could not 
disturb the electron spin-spin interaction.  The dominated internal magnetic interaction is 
the electron spin-spin interaction. When the thermal energy is large enough but the 
temperature is still lower than the Curie temperature, the magnetocurrent will be 
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